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INTRODUCTION 
Heat e n g i n e / e l e c t r i c  hybrid v e h i c l e s  o f f e r  t h e  p o t e n t i a l  of 
g r e a t l y  reduced petroleum conoumption, compared t o  conventional  
v e h i c l e r ,  without t h e  diradvantager of l imi ted  performance and opera- 
t i n g  range a s r o c i a t e d  v l t h  pure r l ~ c t r i c ' v e h i c l e s .  Thia r epor t  docu- 
manta a hybrid v e h i c l e  design approaclr which is aimed a t  the  develop- 
ment of t h e  technology requi red  t o  achieve  t h i s  p o t e n t i a l ,  i n  such a 
way t h a t  i t  is  t r a n s f e r a b l e  t o  t h e  au to  indust ry  i n  t h e  near  term. 
The development of t h i s  design approach c o n s t i t u t e d  Phase I of 
the  Near Term Hybrid Vehicle Program. The major t a s k s  i n  t h i s  pro- 
gram were at3 followa: 
I ,  Mie8ion Analyeis  and Performance Spec i f i ca t ion  Studies  
2. Design Tradeoff S tud ies  
3. Pre l iminary  Design 
Deta i led  r e p o r t s  covering each of these  t a s k s  a r e  included a s  
appendices t o  t h i s  r e p o r t ;  a f o u r t h  t a s k ,  S e n s i t i v i t y  S tud ies ,  is  
a l s o  included i n  t h e  r epor t  on t h e  Design Tradeoff Studies .  Because 
of the  d e t a i l  wi th  which these  appendices cover methodology and both 
in ter im and f i n a l  r e s u l t s ,  t h e  body of t h i s  r epor t  has  been prepared 
a s  a b r i e f  execut ive  summary of t h e  program a c t i v i t i e s  and r e s u l t s ,  
with appropr ia t e  r e fe rences  t o  t h e  d e t a i l e d  mate r i a l  i n  t h e  appen- 
d ices .  
2. PROGRAM OVERVIEW 
2.1 Objectivee 
The principal objective of the Near Term Hybrid Vehicle involver 
the development of a hybrid passenger vehicle which her maximum po- 
tential for reducing.petroleum consumption in the near term (starting 
in 1985). The objectives of Phase I of this program, which is the 
subject of this report, were to develop a preliminary design for such 
a vehicle, which would provide the starting point for a subsequent 
final design and hardware development phase (Phase 11), and to pre- 
pare a plan for carrying out this subsequent phase. 
2.2 Scope of Work 
The effort required to attain the program objectives involved 
the following: 
1. Determining and characterizing the mission (vehicle use: for 
which the potential for reducing total petroleum consumption 
is greatest. 
2 .  Identifying the ~~ehicle characteristics and performance 
requirements associated with this mission. 
3 .  Identifying realistic design alternatives for a near term 
hybrid system, along with design parameters which impact 
petroleum consumption, cost, and so forth. 
4 .  Performing tradeoff studies of these design alternatives and 
parameters to arrive at a design approach. 
5 .  Refining and developing the design approach into a prelimi- 
nary propulsion system and vehicle design. 
6 .  C h a r a c t e r i z i n g  t h i e  pre l iminary  des ign  i n  term of i t s  
p r o j e c t e d  performance, f u e l  and energy conrumption, and 
c o s t  f a c t o r s .  
7. Daf ln ing  t h e  development requi rements  of t h e  p re l imina ry  
des ign .  
Item 1 and 2 i n  t h e  above list comprised Task 1 (Mission 
Analyr i r  and Performance S p e c i f i c a t i o n s  S t u d l e a ) ;  3 and 4 comprised 
Taak 2 (Design Tradeoff  S t u d i e s ) ;  and 4 ,  5 ,  and 6 comprised Task 3 
(P re l imina ry  Design).  
P a r t i c u l a r l y  i n  t h e  f i r a t  two t a s k s ,  i t  was necessary  t o  l i m i t  
t h e  number of a l t e r n a t i v e s  and v a r i a t i o n s  cons idered  i n  o r d e r  t o  keep 
t h e  amount of work t o  a manageable l e v e l .  The f i r s t  l i m i t a t i t n  was 
app l i ed  by t h e  c o n s t r a i n t s  and minimum requi rements  supp l i ed  by JPL ,  
which are summarized i n  Table  2-1. I n  p a r t i c u l a r ,  t h i s  l i m i t e d  t h e  
S n i t i a l  f i e l d  of  i n v e s t i g a t i o n  t o  v e h i c l e s  wi th  a t  l e a s t  5 passenger  
c a p a c i t y  and a h i g h  payload (520 kg ) .  A s  w i l l  be  d i s cus sed  i n  Sec- 
t i o n  3 o f  t h i s  r e p o r t ,  t h e  Mission Ana lys i s  Task subsequent ly  t i g h t e n e d  
t h i s  l i m i t a t i o n  t o  j u s t  f u l l - s i z e d ,  6-passenger v e h i c l e s .  Th i s  l i m i -  
t a t i o n  was then a p p l i e d  i n  conduct ing t h e  Design Tradeoff  S t u d i e s .  A 
r e l a t e d  L i m i t a t i o n ,  which we f e l t  i t  necessary  t o  impose t o  erisure 
t h a t  t h e  technology be ing  developed would be  t r a n s f e r a b l e  t o  t h e  au to  
i n d u s t r y ,  involved des ign ing  t h e  hybr id  p ropu l s ion  system s o  t h a t  i t  
could be  packaged i n  a v e h i c l e  which is  a l s o  a v a i l a b l e  w i t h  a con- 
v e n t i o n a l  system. Our Task 1 a n a l y s i s  i n d i c a t e d  t h a t  hybrid v e h i c l e s  
would be  brought  t o  p roduc t ion  s t a t u s  a s  evo lu t iona ry  developments 
of e x i s t i n g  f u l l - s i z e  v e h i c l e s ,  no t  a s  v e h i c l e s  which a r e  designed 
Table 2-1, NEAR TERM HYBRID VEHICLE PROGRAM CONSTRAINTS 
AND VEHICLE MINPNM ReQUfREMENTS 
Conatraintr 
C1 Vehicle Type: On-road paarenget vehicle 
C2 Fuel Sources: Must utilize two (2) - 
(1) Wall plug electricity, battery storable 
within the vehicle 
(2) Gasoline or diebel fuel 
C3 Technology: Components and fabrication techniquea must be 
within state-of-the-art capabilities that can be developed by 
by 1980 and muot be amenable to mass production ty the mid- 
1980's. 
C4 Operator Interfaceo: Operation and control of speed, braking, 
and direction must be eimilar to conventional vehicle8 in terms 
of complexity and response. Displays of information required 
for vehicle operation must be eimilar to conventional vehicles. 
C5 Safety: Applicable Federal Motor Vehicle Safety Standards 
(FMVSS) as of date of contract (September ' 7 8 ) .  
Additional standards recommended by the National Highway Trans- 
portation Safety Administration (NHTSA) for electric and hybrid 
vehicles as of date of contract. 
C6 Emissions: 1981 Federal Statutory Standards. 
Table 2-1 (cont 'd) 
. 
Vehicle Minimum Requirements 
(SAE 58338): 'No (2) 95 ~ercentile malvr 
Three (3) 50 percentile 
maler 
R2 Cargo Capacity (SAE JllOOa 2.3 and 9.. 
3 3 
conristent with 9.V2 and 9.V3): 0.5 m (17.7 it ) 
R3 Payload C8pacity(Manufacturer's rating): 520 kg (1147 lbs) 
R4 Speed - Continuour Cruire: 90 h / h  (56 mph) 
RS Accelerations: RS.1 0-50 km/h (0-31 mph) in 6 sec 
RS.2 0-90 km/h (0-56 mph) in 15 eec 
3 40-90 km/h (25-56 mph) in 12 sac 
R6 Gradaebility (capabilj-ty to maintain a given speed on a given 
grade for a given d?.s tance) : 
Grade 
- Speed Distance 
R6.1 32 90 km/h (56 rnph) 1.0 km (0.62 mi) 
R6.2 8 X 50 km/h (31 mph) 0.3 lan (0.19 mi) 
R6.3 12% 25 km/h (16 mph) 0.2 km (0.12 mi) 
R7 Additional Equipment : 
R7.1 - Charger - onboerd. 120 V,  60 Hz, 15 A and 30 A 
R7.2 - Charger - offboard. Must Interface with a 240 V and 
208 V, 60 Hz, 60 amp offboard charger, 
R7.3 - State-of-charge meter or equivalent 
* NOTE: Terms used are in accordance with the references indicated. 
Reference documents are identified by code as follows: 
SAE: SAE Handbook, 1977, Part 2. 
COA: Liston, L.L., Sherrea, R.W., Cost of Operating an 
Automobile, U.S. Department of Transportation, Federal 
Highwav Administration, April, 1974. 
Table 2-1 (cont'd) 
R7.4 - Her' - r ("Conrirtent with good industry practice") 
R7.5 - Air Conditioner ("Conrirtent with good industry 
practice") 
R8 Environmental Conditionr: 
R8.1 - Ambient temperature - vehicle must meet a11 minimum 
req iremenca over tn mbient0temperature range o f  B 
-20 C to +40°c (-4 P to +I04 F) 
R8.2 - Self-contained warm up. Minimum of 10-minute self- 
contained warm up 18 allowed to reach fulJ perfog- 
manse in ambient temperature range of -20 C to 0 C 
(-4 F to +32 F) 
Vehicle muat be ~perable~within 08. mingte in ambient 
temperature range of -20 C to +40 C (-4 F to +lo4 F) 
R9 Test Conditionr: Vehicle must meet all minimum requirements 
and performance rpecificationr under the following test conditione: 
R9.1 - Test Payload: 140 kg (309 lbs) 
R9.2 - Lights and Accessories: On 
R9.3 - Air Conditioning: Off 
R10 Costs: 
R10.1 - Maximum consumer purchase price: Competitive with 
purchase price of reference conventional internal 
combustion engine (ICE) vehicle 
R10.2 - Maximum constner life cycle costs (acquisition and 
operating coats as per COA): Same as average life 
cycle cost of reference vehicle 
specifically from the growid up ar hybrids and which are incompatible 
with other propulsion systemr. 
Conaequently, once a reference conventional vehicle vas selczted 
ar reprerentative of the class of conventional vehicles performing the 
relected mission, thin vehicle was alro chooen am the basis for de- 
velopment of the hybrid. This meant that both the drive layout and 
baric vehicl-• structure were limited to being the flame as that of the 
reference vehicle. We consider thin to be a practical approach for a 
hybrid vehicle development. The technology developed for a front end 
rear wheel drive could be adapted to front engine front wheel drive 
should the manufacturer make that change in the future, 
Other 1imita:ions which were impoaed on the range of design 
alternatives considered were the faUowing: 
Hybrid eystem configuration - Parallel hybrid (i.e., both the 
heat engine and electric motor supply mechanical power to 
the rest of the drivetrain). Series hybrids were not con- 
sidered because of the necessity to size the electric motor, 
cnnt-rols, and batteries to handle the maximum system power 
requirement without help from heat engine. To ;eet the 
minimum performance requirements, such a system, designed 
with near term technology, becc~nus outlandish in size and 
manufacturing cost. 
Heat engine - Conventional spark ignited gasoline (Otto cycle), 
stratified charge, and diesel reciprocating engi~es. Gas 
turbines, Stirling engines, Rankine cycle engines, and so 
forth, were excluded as not being capable of reaching pro- 
duction status by the mid-1980's. 
Electric motor/controls - DC series, shunt, and penaanenc 
magnet motors and AC induction motors, with appropriate 
controllers using SCR's or transirtors. 
Transmission: Thrae and four epeed automatics with lockup 
torque convattars, various types of continuouely variable 
transmissions, automatically shifted gearboxes. 
Energy buffers - Flywheels only. Hydraulic pumps/motors and 
accumulators were not considered because of low efficiency 
and noise problems. 
3 ,  MISSION ANALYSIS AND PERFORMANCE SPECIFICATIONS STUDIES 
3.1 Objectives 
Tne basic objectives of this task were as follows: 
1. To identify missions for which a hybrid vehicle, meeting 
the constraints and minimum requirements defined by JPL, 
would be suitable. 
2. To identify those missions with the potential for achieving 
the greatest reduction in petroleum consumption. 
3.  To develop the vehicle and performance specifications which 
should be met by a hybrid vehicle designed to perform the 
mission(s) identified in #2.  
3.2 Approach 
The major assumptions which underly the approach taken ta the 
mission analysis and development of performance specifications are 
the following: 
- The daily operating range of a hybrid vehicle should not be 
limited by the stored energy capacity. 
- The perfonmance of a hybrid vehicle should not be strongly 
dependent on the battery state-of-charge. 
These two assumptions were made for several reasons. First of 
all, a vehicle which satisfies these properties and which has greatly 
seduced petroleum consumption is technically feasible if it incorpor- 
ates a suitable multi-modal control strategy. Secondly, if a hybrid 
vehicle is to have the potential for making a substantial impact on 
fleet petroleum consumption, it must be saleable in large numbers and, 
c~nsequently, must offer the same flexibility and utility as a 
conventional automobile, at least for the near term. Any fundamental 
restriction, such as a limitation on the operating range before bot- 
tary recharge is required or limited performance under certain oper- 
ating conditions, will restrict sales, particularly in the case of a 
5 or 6 passenger vehicle whose purchase price will almost certainly 
be higher than thac of a conventional counterpart. 
The usability of a vehicle which satisfies these assumptions is 
not limited by the driving patterns associated with a given mission. 
(The only exceptions to this would occur for missions in which there 
is an extremely high performance requirement, e.g., trailer towing, 
police patrol work, and so forth.) Consequently, such a vehicle can 
be regarded as a functional replacement for the general purpose, 5-6 
passenger conventional sedan. The 'missions' which such vehicles per- 
form can, by and large, be defined by the following: 
1. How the car is driven. 
2. How the car is loaded. 
3. The owner's preferences with respect to car size. 
We have included the last factor in the mission definition 
because it is an extremely important consideration in the purchase 
of a car. In reality, it outweighs the objective capacity require- 
ments (item 2); the number of car owners who actually require a full 
six passenger car (i.e., load it to capacity with some regularity) is 
far exceeded by the number who drive such a car simply because they 
like it more than a smaller car. Because of this, we reduced our 
definition to two factors: a driving pattern, together with a per- 
ceived payload requirement. 
The identification of driving patterns and their characterization 
was based primarily on two extensive urban origin-destination travel 
surveys ; (" 2' other transportation stud?.:: were used to fill in gaps 
in this data. ( *  Perceived paylc *la i quirenlent~ were identified 
by examining the current spectrum of 5-6 passenger vehicles, project- 
ing this into the 1985 time frame, and splitting it irkto representative 
claseee. 
In order to identify the missions with tibe greatest potential 
for petroleum conservation, it was necessary to do the following: 
1. Estimate the size of each nf the fleets of conventional 
.cars performing each of the missions in the 1985 time 
frame . 
2. Estimate the fraction of the conventional cars within each 
fleet which could be replaced by hybrids. 
3. Estimate the fuel consumption of conventional cars which 
are representative of each of the above fleets. 
4. Estimate the annual travel of vehicles within each of these 
fleets. 
The product of these four estimates is the total amount of 
petroleum consumed each year which has the potential of being reduced 
by the application of hybrid vehicles to the particular mission. The 
methodology used in making these four estimates is described in de- 
tail in Appendix A (Mission Analysis and Performance Specification 
Studies Report). Briefly, estimate 1 was made by relating each mis- 
sion driving pattern to the function of the car in a single or multi- 
car household; data on the distribution of cars relative to the types 
of household (multi-car or single car), dwelling (multi-family or 
single family), and area (urban or rural), were obr~ined from sources 
such as the U. S. Bureau of Census Annual Housing Survey. (6) In 
addition, the 1985 fleet breakdown into the selected representative 
vehicle size classes was estimated based on JPL projections and cur- 
rent data. 
Estimate 2, the potential replacement rate by hybrids, requires 
some discussion. There are two sets of factors which will, in reality, 
lFmit the replacemeai of conventional vehicles by hybrids. The first 
of these involves those factors which physically make it impractical 
to use a hybrid vehicle under certain circumstances. Primary among 
these is the fact that facilities must be available for recharging 
batteries, which means that at least in the near term, the availabil- 
ity of off-street parking is a prerequisite for ownership of a hybrid. 
The second set of factors involves marketing considerations: the 
sensitivity of the market to the retail price differential of tile 
hybrid over a conventional car, consumer perception of the advantages 
of greatly reduced fuel consumption, manufacturers' needs to meet 
corporate average fuel economy (CAFE) requirements, and so forth. 
The estimates made in the Mission Analysis task were based only on 
the first set of factors; i.e., the maximum potential replacement was 
estimated. However, the second set of factors was also taken into 
account, at least in qualitative terms, in the selection of the mis- 
sion(s) with the highest petroleum conservation potential. 
Estimate 3 was made by selecting vehicles typical of the 
selected s'.ze classes, projecting their characteristics to the 1985 
time frame, and running computer rimulations to estimate fuel con- 
sumption in operation on the mission driving patterns. Estimate 4 
was based on JPL projections of average vehicle travel, combined with 
the characteristics of the individual mieeion driving pattern. 
The development of parformance specificatione for a hybrid 
vehicle performing the selected miesion(s) was based, in general, on 
the following: 
1. The minimum vehicle and performance requirements specif,ad 
by JPL. 
2. The requirements imposed by the mission(s). 
3. Characteristics of conventional vehicles performing the 
same mission(s). 
4. Operating safety. 
3.3 Results 
3.3.1 Mission Identification and Characterization 
Analysis of the data provided by the origin-destination travel 
surveys, 2, which involved the Los Angeles, California, and 
Washington, D. C. areas, led to the division of drivers into three 
groups with widely differing travel patterns: primary, secondary, 
and only drivers. No other groups of drivers were clearly disting- 
uishable on the basis of their reported travel. Primary and secon- 
dary drivers are from multi-car, multi-driver households, where the 
primary driver is defined as the driver who travels the greatest 
distance each day. Secondary drivers are the other drivers at multi- 
driver households. The only driver is from a one-car, one-driver 
housetiold. Drivers sharing a car were not included in the data 
procesrad. Drivers  i n  each of these  c l o s e a r  uoe t h e i r  c a r s  d i f f e r -  
e n t l y  and r e q u i r e  d i f f e r e n t  c a p a b i l i t i e s  of t h e i r  veh ic les ;  t h a t  is,  
each d r i v e r  c l a s s  performs a d i f f e r e n t  'mission. '  The 'prlmary' 
d r ive r  accumulates t h e  h ighes t  annual  mileage and t h e  'secondary'  
d r i v e r  t h e  least; t h e  'only '  d r i v e r  d a t a  was very c l o s e  t o  t h e  aver- 
age between these  two. 
Since t h e  annual mileages accumulated by the  Washington, D. C. 
and Los Angeles d r i v e r s  were d i f f e r e n t  from each o t h e r  (wi th in  each 
d r i v e r  ca tegory) ,  and a l s o  d i f f e r e n t  from t h e  JPL pro jec t ions  with 
regard t o  annual  mileage f o r  time per iod  of i n t e r e s t ,  i t  was neces- 
aery  t o  a d j u s t  t h i s  d a t a  t o  a common b a s i s .  Since t h e  'only'  d r i v e r  
d a t a  is r e p r e s e n t a t i v e  of t h e  average d r i v e r ,  t h i s  d a t a  was adjus ted  
t o  agree wi th  t h e  JPL annual  mileage p r o j e c t i o n s ,  and the  'prlmary' 
and 'secondary' d r i v e r  da ta  were ad jus ted  by the  same f a c t o r .  This 
adjustment a l s o  removed a g r e a t  d e a l  of t h e  d i s p a r i t y  between the  
Washington and L. A. d a t a .  The r e s u l t s  a r e  shown i n  Figure 3-1, 
This f i g u r e  de f ines ,  f o r  t h e  t h r e e  d r i v e r  c a t e g o r i e s ,  the  d i s t r i b u -  
t i o n  of d a i l y  t r a v e l  d i s t ance .  
For t h e  purposes of e s t i m a t i n g  f u e l  consumption, i t  i s  a l s o  
important t o  de f ine  how t h i s  d i s t a n c e  i s  d r iven ,  i . e . ,  average speeds, 
maxhum speeds,  s t o p s  and s t a r t s ,  and s o  f o r t h .  The d r iv ing  p a t t e r n ,  
i n  general ,  changes a s  a f u n c t i o n  of t h e  d i s t a n c e  t r a v e l l e d  i n  a day. 
For example, high mileage days w i l l  g e n e r a l l y  involve a l a r g e r  f rac-  
t i o n  of highway type d r i v i n g  and a lower f r a c t i o n  of stop-and-go 
dr iv ing than low mileage days. For t h i s  reason,  a composite d r iv ing  
cycle  was cons t ructed  from t h e  SAE227a(B), Federal Urban, and Federal 
Figure 3-1. Travel Distribution Adjusted t o  JPL Projection o f  1990 Average 
Annual Vehicle Travel 
Highvay driving cycles. Thir cycle varies with the daily travel 
distance ar followr: 
1. For a daily range of up to six times the J227a(B) cycle 
length, J227a(B) cycler are used exclusively. 
2. For a daily range greater than the maximum for (1) , but 
less than the sum of six J227a(B) cycles and three Federal 
Urban cycles, the urban cycles are used (plus the six 
' J227a(B) cyclee). 
3. Beyond the maximum range allowed by (2). Federal Highway 
cycles are added to get tho desired range, 
It will be noted that the J227a(B) and urban cycles comprise 
100% of the driving up to a daily range of about 38 km, which, from 
Figure 3-1, means that the travel on most driving days is character- 
ized by these two cycles, and primarily, by the urban cycle. 'I'his is 
in accord with practical experience. 
These two facets - the distribution of daily travel and the 
composite driving cycle which is a function of daily travel - identify 
and characterize the aspect of the missions considered which is asso- 
ciated with the driving pattern. The other aspect - vehicle size, or 
perceived accommodation requirements - was defined by two vehicle 
size categories. These are: 
1. Five passenger or tight six passenger sedan. ('tight' 
category) 
2. Sedan seating six adult passengers comfortably, with 
generous luggage space. ('roomy' category) 
The acconaoodations of v e h i c l e s  i n  the  ' t i g h t '  category a r e  
typi f ied  by c a r r  such a s  t h e  Ford Fsirmont/Zephyr, CM X-body c a r s ,  
Chrysler Aspen/Volare, and r o  f o r t h ;  is@., v e h i c l e s  rpanning most of 
t h e  'compact' and t h e  lower end of t h e  'midr izs '  EPA r i z e  c l a s s i f i -  
cat ions.  The 'roomy' ca tegory  is t y p i f i e d  by the  Ford LTD, Chevrolet 
Mnlibu, Dodge S t .  Regis,  and r o  f o r t h .  These c a r r  span the  upper end 
of the  'midsize '  through tlre ' l a rge '  range. Only two s i z e  c l a s s e s  
were chosen ins tead  of t h r e e  o r  four  f o r  t h e  fol lowing reasons: 
1 )  As a r e s u l t  of downsizing, the  e n t i r e  s i z e  range of passen- 
g e r  c a r s  i s  c o n t r a c t i n g ,  p a r t i c u l a r l y  a t  the  upper and. By 
1985 t h e r e  v l l l  be no fu l l - s i zed  s i x  passenger sedans i n  
production which are s i g n i f i c a n t l y  l a r g e r  than t h e  r e c e n t l y  
downsized LTD and Xalibu. 
2) The lower end of t h e  'compact' range does not f i t  i n  too  
w e l l  because of payload l i m i t a t i o n s ;  i .e.,  these  c a r s  gen- 
e r a l l y  do not  have a 520 kg payload capac i ty  as s p e c i f i e d  
i n  the  JPL minimum requirements. 
Representa t ives  of t h e s e  two c l a s s e s  of v e h i c l e s  were taken t o  
be  the Ford Fairmont and LTD. Both of these  a r e  recent  des igns  which 
can be expected t o  be c a r r i e d  forward, i n  evolut ionary  foam,  a t  l e a s t  
t o  1985. 
A t  t h i s  p o i n t ,  w e  have i d e n t i f i e d  and charac te r i zed  s i x  miss ions ,  
represented by 3 x 2 matrix of d r iv ing  p a t t e r n s  ( 'only , '  'pr imary, '  
and 'secondary'  d r i v e r s )  and veh ic le  s i z e s  ( ' t i g h t '  and 'roomy'). 
These were t h e  missions which were examined i n  g r e a t e r  d e t a i l  t o  de- 
termine where the  g r e a t e s t  p o t e n t i a l  petroleum savings  l i e .  Other 
mirrionr which could be considered include thore performed in 
commercial rpplicationr, ouch rr taxir, rental carr, company fleet 
carr, etc. Although the taxi mirrion war considered briefly (see 
Appendix A), none of these applicationr were invertigated in any 
depth for the following rearonr: 
1) The petroleum conrumption represented by the vehicles in 
there clarrer ir rmall. 
2) The taxi application ia not ruitabXe because most taxis 
are operated for three shifts, which means there is no re- 
charge time available. 
3) Rental and fleet car driving patterns are probably not much 
different than those identified for private cars; moreover, 
a large percentage of these cars are returned to a central 
area for enough time to make recharge possible. Consequent- 
ly, these vehicles can probably be lumped in with the pri- 
vate cars in terms of potential replacement by hybrids. 
3.3.2 Petroleum Consumption by Nission 
Relative Fleet Sizes 
The estimated distribution of vehicles by mission in the 1985 
fleet is shown in Table 2-1. 
Table 2-1. Distribution of Car8 Rolative.to Usage 
Patterns and Size Classification (Percentage8 
of 1985 Fieot) 
At Single At Multi- 
Family Units Farnilv Unit8 Total 
Secondary Tight 12.3 2,7 15.0 
Cars Roomy 9.6 2. 1 11.7 
Only Cars Tight Roomy 
Primary Tight 10.0 2.5 12.5 
Car 8 Roomy 7.8 1.9 - 9.7 
79.9 
These numbers are bared on the 'tight' cars comprising a con- 
stant 45% of the new car fleet, and the 'roomy' cars comprising 40% 
of the 1976 new car fleet, declining linearly to 30% in 1985. For a 
10% retirement rate, this puts 35% of the 1985 in-use fleet in the 
'roomy' class and 45% in the 'tight' class. It was assumed that 
these percenta1;Gs apply uniformly with respect to the 'primary,' 
1 secondary,' and 'only' usage patterns, and with respect to the 
dwelling type; there is no data to indicate otherwise. Note that 
the dwelling type has been introduced as a variable because it 
turns out to be significant in estimating off-street parking avail- 
ability, which, in turn, affects the potential for replacement by 
hybrids. Further discussion in this area will be found in Section 
2.4.1 of Appendix A. 
Potential Replacement by Hybrids 
ma availabtlity of off-street parking war the factor conridered 
in estimating the potential replacanent by hybrid vehicles in each 
mission category. A detailed dimcussion of this will be found in 
Section 2.4.2 of Appendix A; the results are sunanarized in Table 2-2. 
Table 2-2. Distribution of Cars with Off-Street Parking 
Available Relative to Usage Patterns and Size 
Classification (Percentages of 1985 Fleet) 
Misrion At Single At Multi- 
Usage Vehicle Size Family Units knily Unita Total 
Tight < 9.6 2.5 412.1 
Secondary 
Roomy 5 7.5 1.9 * 9.4 
Only 
Primary 
Tight -8.5 5.8 e 1 4 . 3  
>6.7 4.5 - Roomy H 11.2 
Tight C 7,8 2.3 <10,1 
Roomy 
The less than (C) a ~ d  greater than (5) signs refer to the 
fact that there is a correlation between the availability of off- 
street parking and vehicle size, at least for cars at single family 
dwellings; however, we were not able to quantify it with any preci- 
sion. That is, a large or luxury car ie more likely to be owned by 
an individual who also owns a dwelling with off-street parking for 
one or more vehicles than is a cmpact or midsize car. 
It must be reiterated that the numbers in Table 2-2 represent 
maximum potential replacement percentages. Marketing factors will 
reduce there numberr rubrtantiolly depending on the retoil price 
differeatial of the hybrid over a conventional car. A study by the 
Wharton EFA, Inc., war rubrequently done to quantify this aspect; 
thir is reported on in Section 3.6.3 of Appendix 0 (Darign Tradeoff 
Studier and Senritivity Analyaio). At this point, however, it suf- 
ficvr to ray that two real world fa;-tors tend to biar the results 
toward a greater relative penetration of the 'roomy' car clasa by 
ybridr than the 'tight' clars. The first of thase is :.owat sensi- 
tivity of volume to price in the 'roomy' car segment; i.e., an indi- 
vidual buying a car in the $8,000-10,000 bracket is more likely to 
accept a substantial price increase to achieve greater fuel economy 
than is an individual buying a car in the $5000-6000 bracket which 
already gets reasonably good fuel economy. 
The second factor to be conoidered is the manufocturers' need 
to meet federal CAFE requirements, while still maintaining a saleable 
and profitable product mix. The large, generally more heavily 
optioned car has a higher profitability than a omaller car; and the 
preferences of many people run toward the large car. However, it is 
also the class of car which gives the menofacturer the most problems 
in meeting his W E  if it continues to constitute a substantial 
portion of his production. Consequently, a manufacturer would 
find it preferable to introduce a hybrid (or any other system which 
improves fuel economy with some penalty in first cost) first in the 
larger vehicle class, just as CM has done with diesels. This helps 
his CAFE most, affects his toea1 sales least (since the hybrid is 
introduced into the vehicle class with the lowest sensitivity of 
volume to prfca), and allows h,im to maintain a veh3,cle line with 
high profitability. 
Fuel Consumption of Convenrional Vehicle Fleets 
In the 'tight ' aize category, the in-ume fuel economy of a 
representative cnnventional vahicla (1985 version of the Ford Fair- 
mont) was estimated to be 24 mpg. This estimate is detailed in 
Section 2.5.4 of Appendix A; it euffices to say here that it is based 
on the following aesumptions with regard to vehicle and propulsion 
system improvements between 1978 and 1985: 
1; Reduction in drag coefficient from .54 to .40. 
2) Reduction in rolling res-;stance coefficient from ,015 to 
3) Use of a lockup torque converter. 
4 )  4% improvement in average engine efficiency from 1978 to 
1985. 
As discussed in Appendix A, this projection agrees quite well 
with another projection for this class of vehicle, which is based on 
the assumptions and guidelines provldrl by JPL. 
  or the 'roomy' vehicle class, tne corresponding projection, 
for in-use fuel economy was 18 mpg. In this case, the vehicle class 
was represented by a 1985 version of tho Ford LTD. In neither ve- 
hicle class is the difference in driving patterns between the secon- 
dary, only, and primary driver categories enough to affect these fuel 
economy estimates to a great degree. 
The annual fuel consumption for these reference vehicles, for 
each of the driving patterns, is sumarized in Table 2-3. 
Table 2-3. Fuel Economy of Reference Vehicle 
Mi6 r i on  
Urage Armual Vehicle Annual Fuel 
Pat tern  Travel (1985) Size FE (mpg) Consumption (gals.) 
Secondary 11300 kn Tight 2 2 319 Driver Roomy 15 468 
Only Driver 19100 km Tight hamy 
Primary 29900 km Tight 26 715 Driver Roomy 19 978 
Going back t o  t h e  percentages shown i n  Table 2-1, we f ind t h a t ,  
i f  a l l  t he  veh i c l e s  i n  these  s i z e  c l a s se s  i n  the  1985 f l e e t  were 
replaced by these  two reference vehicles ,  t he  f u e l  consumed would be 
given by t h e  numbers shown i n  Table 2-4 (assuming a t o t a l  f l e e t  s i z e  
6 
of 113 x 10 vehic les ) .  
Table 2-4, Distr ibut ion of Fuel Consumed by 
Reference Vehicles i n  1985 F lee t  
Mission Fuel Consumption (Gal. x low6) 
Vehicle Cars a t  Single Multi- 
Usage 
I 
Size Family Units Family Units - TOTAL 
Tight 4430 970 5,400 
Secondary 
Roomy 5080 1110 6,190 
Tight 6260 
only 
Roomy 6550 
~ i ~ h t  8080 
Primary 
Roomy 8620 
Thur, we come t o  the conclurion t h a t  r l i g h t l y  more f u e l  w i l l  
probably be conrumed i n  t he  1985 f l e e t  by c a r r  of the  'roomy' c l a r r  
than by thore  of the  ' t i gh t '  clarr, d e r p i t e  the  f a c t  t h a t  the  roomy 
car clarr i r  a d l e r  r e p e n t  of the  f l e e t .  
When we conrider the  regtmnt of t he  f l e e t  which could be 
replaced by hybrids in the  ' t i gh t '  and 'roomy' categoriea,  w e  get  
the  resultrr ohown in Table 2-9, under t he  orsumption t h a t  thcr ava i l -  
a b i l i t y  of off-$treat  parking f o r  ba t t e ry  recharge is  uniformly dis-  
t r ibuted r e l a t i v e  t o  the  two r i z e  c lasees ,  a s  was done in the  con- 
r t ruc t ion  of Table 2-2. A s  before, t h e  <and  >r igns  have been 
added t o  ind ica te  tha t  t h i s  aeeumption Is not  t rue ,  a t  l a a s t  i n  the 
case of ca r s  located a t  s ing le  family dwellings, and t o  ind ica te  
t ha t  tliara is a higher probabi l i ty  t h a t  a 'roomy' c l a s s  vehicle  could 
be replaced by a hybrid than a ' t i gh t '  c l a s s  vehicle ,  from the stand- 
point of e l e c t r i c a l  service  f o r  ba t te ry  recharge being avai lable .  
Table 2-5. Distr ibut ioa of Fuel Consumed by Reference 
Vehicles i n  1985 Flee t  with Off-Street Parking 
Mission Fuel Consumption (Gal. x loo6) 
Vehicle Cars a t  Single Multi- 
Usage Size Family Units Family Units TOTAL 
-
Tight < 3460 900 C= 4360 
Secondary 
Roomy >. 3970 1000 2 4970 
Tight <4750 3240 e 7990 
only 
Roomy - 4990 3350 . L- 8340 
Tight < 6300 1860 < 8160 
Primary - 
Roomy + 6740 1880 >c 8620 
Total 'Tight' 
Total ' Roouly ' 
Selection of Mirrion/Rof errnce Vohicla 
Tho data from Tablo 2-5 ind'icates that the potential for 
potrolem conrentation by hybrids ir very nearly the aame in the 
two clamram of vohiclor, with perhapr the higher potential being 
asrociatrd with the 'roomy' clars. Aa noted, the nwbere in this 
table do not take into account the following: 
- Tho 'roomy' vehicle ownor ~ E I  more likely to have off-street 
parking for recharging batteries. 
- He ir more likely to accept the retail price differential 
of the hybrid. 
- Tho amount of re-angineering and modif ication of:' the 'roomy' 
vehicle structure and running gear to accept a hybrid pro- 
pulsion eystem le likely to be much less than that required 
for a 'tight' vehicle; thus, a 'roomy' hybrid vehicle is 
likely to be an economically more viable vehicle to produce 
than a 'tight' vehicle. 
- The manufacturer's CAFE benefits more from improving the 
fuel economy of his least fuel efficient vehicle line (the 
'roomy' class) than from improving those which already have 
good economy. 
All these factors drive the balance in the direction of the 
'roomy' vehicle; what Table 2-5 indicates to be a near-wash situation 
becomes one which clearly is favorable to the 'roomy1 hybrid 
Consequently, we have selected the 'roomy' class for the vehicle 
size aspect of the mission which offers the greatest potential for 
petroleum conservation, and the LTD-based reference vehicle to repre- 
sent a comparable IC engined vehicle. 
- 25 - 
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A8 far ar the urage pattern portion of the mirrion definition 
is concerned, a vehicle may experience ell three during itr lifetime. 
A vehicle cannot really be derigned 'for' a primnry driver, or on 
only driver, or a secondary drivar, to the exclurion of the other 
categories because that is not how vehicles rrpend their liver. In 
general, the urage patterns tend more toward that of the primary 
driver during their first few years and toward the eecondary driver 
during their declining years. 
However, the 'only' driver usage pattern can be used as an 
overall average. Consequently, for the purpoees of vehicle and 
propulsion eyetem design, and estimating fuel and energy consumption, 
it suffices to work with the 'only1 driver travel distribution. 
Summary of Mission Characteristics and Mission Related Vehicle 
Characteristics 
In this section, the final mission specifications resulting 
from the Task 1 effort are summarized. Sections of the Task 1 report 
(Appendix A) which provide discussions of methodology, interim results, 
and other supporting data are given in parentheses at the end of each 
individual specification. Note that references to appendfces in 
this context mean appendices of the Task 1 report. 
M1- Daily Travel 
The distribution of daily travel for the only driver usage 
pattern is as follows : 
F r a c t i o n  of Da i ly  T rave l  on: 
Dai ly  
T rave l  (!cat 
0-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90-1 00  
100-1 20 
120-140 , 
140-1 60 
160-1 80 
180-200 
200-220 
220-240 
240-260 
260-280 
280-300 
300-320 
. 7 320 
F r a c t i o n  of 
T o t a l  Dr iv ing  5227 (a)  8 FUDC 
-
-796 
.918 
.942 
.798 
652 
,552 
.478 
.422 
.378 
.326 
.276 
.239 
.211 
.189 
.171 
-156 
.144 
.133 
.124 
.116 
. l o9  
FHDC 
-
(2.2.1, 2.7, Appendix Al,  Section 2) 
M2 - Payload: 
Typ ica l  of roamy, 6 passenger v e h i c l e .  
See item V l ,  Mission-Related Vehic le  C h a r a c t e r i s t i c s .  
(2.2.2, 2.7, Appendix A l ,  Section 3) 
! 
M.3 - Tr ip  C h k r a c t e r i s t i c s :  
T r i p  c h a r a c t e r i s t i c s  are such t h a t  b a t t e r y  r echa rge  once a 
t day is p o s s i b l e ,  b u t  n o t  more f r equen t ly .  i F ' .  (2.3) 
P '- 
M4 - Driving Cycler :  - 
The d r i v i n g  p a t t e r n  on a g iven  day is represen ted  by: 
SAE J227a(B) f o r  d a i l y  t r a v e l  up t o  6 such c y c l e r  (2h). 
6 J227r(B) cyc les ,  and t h e  ra&inder  on FUDC, for d a l l y  t r a v e l  
up to  6 J227a(B) c y c l e r  + 3 FVBC'r (38 h). 
6 J227a(B) cyc l e r  + 3 FUDC'r, and the  remainder on FHDC, f o r  
d a i l y  t r a v e l  beyond 38 bn. 
The breakdown of d a i l y  t r a v e l  i n t o  t h e r e  t h r e e  d r i v i n g  cyc les  
is a l s o  ind ica ted  under M1. 
I 
(Appendix A, Sect ion  7) 
M5 - Annual Travel. Per  Vehicle: 
19600 tam. 
(2.2.1, Appendix A, Sec t ion  21 
M6 - P o t e n t i a l  Number of Vehic les  i n  Use a s  a Percentage of Tota l  
F lee t :  ' 
35% of 1985  in -use  f l e e t  ( t o t a l )  
28% of 1985  in-use  f l e e t  ( p o t e n t i a l l y  r ep l aceab le  by hybrids) 
(2.4.1, 2.4.2, Appendix A, Sec t ion  4) 
M7 - Reference Conventional ICE Vehicle:  
1979 Ford LTD pro jec ted  t o  1985 engine and v e h i c l e  technology. 
H 8  - Estimated F u e l  Corrsumption of ~ i s s i o n  Performed E n t i r e l y  by 
Reference Vehic les  : 
27000 x lo6 gal. ( t o t a l )  
6 21900 x 10 ga l .  ( v e h i c l e s  p o t e n t i a l l y  r e p l a c e a b l e  by hybrids) 
Tho only mirri on-rolated vehicle charactoristic which is not 
covered in tho p e r f o ~ n c o  rpocificationm rolatar to the vehicle rize 
arpoct of tho mirrion. For tho 'roomy' .vahiclo, the folloaring capa- 
cfty requiromentr ara muitable: 
V1 - Capacity: 
'V1.1 - Pasmongerrr 6 adults (2 95th X adult males and 
4 50th X adult males) 
Mininnrm interior dimenm ions (an) : 
Front Rear 
Compartment Campartment 
Headroom 
Shoulder room 
Leg room 
V1.2 - Cargo: .6 m 3 
(2.5.1, 2.5.2, 2.8.1 
3.3.2 Performance S~ecificotions 
In thie section, the development of those performance specifi- 
cations which have the moat immediate impact on the design of the 
vehicle are discussed. Additional amplification will be found in 
Section 2.9 of Appendix A. 
Cruiee and Maximum Speeds 
It is difficult to justify a continuous cruising speed require- 
ment much in excess of the 55 mph speed limit; consequently, we set 
this equal to the JPL minimum requirement of 90 kph (56 mph). 
The maximum speed requirement is detemined by the ability to 
pass with reasonable safety. A combination of a top speed of at 
loaat 130 kph (80 mph) m d  adoquato accoloration capability up to 
thia apood ahould bo providod. To a groat oxtont, the latter la 
automatically achiovod if tho vehicle moota rearonable 0-90 kph 
Tho length of time that tho vohiclo muat maintain the top rpeed 
la a function of tho paaaing aunouvor. Aarumiag that tho driver ir 
on a road in which paraing rituationr are oncountorod ropetitivoly, 
than tho ability to repeat much rhort duration manouvors at fairly 
frequent intervalr la much more rignificant than the ability to hold 
maximum speed for a long period. Consequently, rather than rpecify a 
length of time for which top speed murt be held, we have chosen to 
apocify that the vehicle murt be able to complete a rtandard high 
speed pass maneuver once evary five minutes, cruising at 90 kph be- 
tween maneuvers, at least 10 times in succeeoion without having the 
passing distance increase by more than 5%. 
Acceleration and Gradeability 
The minimum performance requirement of 0-90 kph in 15 sec. 
represents a performance level which is on the order of only 10% 
below that attained by the reference vehicle; and this level of per- 
formance appears to be adequate from a safety standpoint. Conse- 
quently, we left this specification unchanged from the JPL minimum 
requirements. 
The minimum requirements for gradeability are, on the other 
hand, significantly below those of conventional cars and would repre- 
sent an unacceptably low performance level. As a matter of fact, the 
minimum acceleration requirements do imply a much higher gradeability 
than the minimum gradeability specified by D L ,  as shown in Figure 2-2. 

Baaad on Figura 2-2, a vahicle m a t i n g  the minimum accalarat ion 
w 
raquir-ntm would be able  t o  negot ia te  a 3% grada a t  a rpeed of 
about 125 kph, a 5% grad@ a t  110 kph, an 8% grade a t  90 kph, and a 
15% grada a t  55 kph. On -or hlghwayr, the ta  a r e  i n  many carer  
a t ra tchar  of road with gradianta on tha order of 305% on which the 
gradient i a  auintainad over a long diatanca. To handla there  caaaa, 
va beliave t h a t  a vahicla ahould ba able  t o  maintain c ru i r ing  rpead 
(90 kph) on a 3% grade indaf in i ta ly ,  and on a 5% gtada f o r  20 km. 
Cradar of 8% a r e  much lea8 cornman on major hi~hwaya;  i n  t h i s  care,  
we would raquira  t ha t  a vahicla ba able t o  maintain a t  l e a s t  85 kph 
(i.8.. wi thin 5 kph of cruis ing spaad) f o r  5 Ian, and be able  t o  
maintain 65 kph without r a s t r l c t i o n  on distance.  The l a t t e r  would 
eneura tha vehicla 'a a b i l i t y  t o  maintain a reasonable speed on ex- 
tended climbs on secondary roads i n  mountainous regions. 15% grader 
a r e  normally encountered only on recondary roads f o r  r e l a t i ve ly  short  
distances. For t h i s  grade, we would require  the a b i l i t y  t o  maintain 
50 kph fo r  2 km. 
Maximum gradeabi l i ty  is usually associated with the a b i l i t y  t o  
negotiate s t eep  driveways and o ther  very short  grades. We used the 
accepted value here of 30%. 
Consumer Costs 
This subject  is discussed i n  d e t a i l  i n  Sections 2.4.3 and 2.8.3 
of Appendix A. In addit ion t o  the areas discussed i n  Appendix A, there  
a r e  t radeoffs  between f u e l  economy and consumer cos t s ,  a s  discuesed 
i n  Section 4 and Appendix B of t h i s  report .  These were not yet  being 
invertigated at thin point in the program. In view of thir, and in 
view of the large number of factorr which will affect how a hybrid 
would actually be priced in relation to the rert of the market, it 
war premature at thir point to rpacify any hard numberr. Conrequently, 
the approach t a k m  war to purrue the rubrequant derign tradeoffr and 
preliminary derign work d t h  the goal of keeping the aunufacturing 
coat incromrnt over the reference vehicle to a minimum, coneirtent 
vlth providing A rubrtantial imrprovanent in fuel economy, rather than 
attempting to derign to some hard and fart numberr. 
Emirr ion8 
In thir area, thare ir m obviour requirement to meet the 
federal emirrion rtandardr for 1985 and the year8 following. There 
are: HC .41 glmi (.25 g/km) 
CO 3.1 glmi (2.11 g/h) 
NOx 1,O glmi ( -62 glh) 
Since there is still debate over whether there raquirmentr are 
too stringent, we eaw no point in specifying any tighter mission 
controls. It must be recognized, however, that the current Federal 
Teet Procedure is inadequate to estimate the in-use emissi6ns of a 
hybrid vehicle due to the fact that the hybrid can have at least two 
modes of operation depending on battery state-of-charge. A discus- 
sion of poseible modifications to the FTP to accommodate hybrid ve- 
hicles i e  given in Sec tion 3.3.1 of Appendix C. 
Rechargeability 
To bring a battery pack up to 100% state-of-charge (1.e.. 100% 
of the cells fully charged), it is generally necessary (at least for 
lead-acid b a t t e r i e r )  t o  give the pack an e q w l i t i n g  charge. That i r ,  
tha b a t t o r i e r  are de l ibora to ly  overcharged, allowing them t o  8.0 
under a low charging current  fo r  a period of revera1 hourr. When 
t h i r  i r  done, tho charging procecr taker  longer than urual ;  moreover, 
t h i r  procerr  should not be carriod out overy time the b a t t e r i e r  a r e  
charged but a t  i n to rva l r  o f ,  ray, every f i f t h  t o  tenth  charge. 
Othewire ,  ba t t e ry  l i f e  i r  rdverrely affected.  When the  b r t t e r i e r  
a t e  charged normally ( i . a . ,  not given m equalizing charge), they 
w i l l  r a r e ly  a t t a i n  a t rue ,  100% charge. 
A8  a r e r u l t  of there  conridarat ionr ,  the  time t o  recharge murt 
be qua l i f i ed  not only by a rtatament of where the  ba t t e ry  i r  coming 
from ( i n i t i a l  rtate-of-charge), but whore i t  i r  going t o  ( f i n a l  r t a t e -  
of-charge) . Under normal (non-equalizing) charging, t he  f i nv l  r ta te -  
of-charge w i l l  probably be on the order of 90%. Conrequently, we 
have rpacif ied the  recharge time to  bring the  ba t ta ry  from 80% depth 
of discharge t o  10% depth of dircharge. The recharge times specif ied 
were based on the  ava i lab le  power from the wall plug f o r  the indicated 
services ,  and some preliminary assumptions a s  t o  the ba t te ry  capacity 
the hybrid would be l i k e l y  t o  have. 
In  t h i r  sect ion,  the perfonnrmce rpec i f ica t ionr  developed i n  
Task 1 are ruprurized. Sectiona of Appendix A containing backup data 
and r a t i o ~ l e  are indicated i n  parontherer fo r  each item. 
P1 - ?lln3aum Non-Refueled Range: 
1 3 J2278 (B) 150 km 
P2 - C n i i r e  Speed: 90 kph 
P3 - Maximtun Speed: 
P3.1 Mex'imum Speed 130 kph 
P3.2 Length of Time Undefined 
Maximum Speed 
Can be Main- 
ta ined  on Level 
Road 
P3.3 V?gh Speed P a s s  Capabi l i ty:  Vehic le  must be a b l e  t o  
perform a h Q h  speed pass  maneuver, a t  i n t e r v a l s  of f i v e  
minutes,  10 t imes i n  succession,  wi thout  t he  passing 
d i s t a n c e  inc reas ing  by more than 5% above the va lue  ob- 
ta ined  with t h e  propuls ion b a t t e r i e s  20% discharged. 
This  requirement i s  t o  hold throughout the  e n t i r e  range 
of b a t t e r y  d i scharge  l e v e l s  occur r ing  i n  normal operat ion.  
The maneuver involves  passing a 55'  long t ruck  t r a v e l l i n g  
a t  a cons t an t  80 kyh, c l e a r i n g  i t  by 3 0 m  a t  t h e  beginning 
and .end of the  maneuver. L b i t i n g  speed during t h e  man- 
euver is 129 kph, and i n i t i a l  speed is 80 kph. Following 
ccnnpletion of t h e  manewe::, t h e  v e h i c l e  s h a l l  d e c e l e r a t e  
t o  90 kph and maintain  t h a t  speed f o r  4.0 minutes. It 
s h a l l  then d e c e l e r a t e  and ma in t a in  80 kph u n t i l  t he  next  
maneuver. (2.9.2, Appendix A Sec t ion  5) 
P4 - Accelerations:  
P4,l 
P4.2 
0-50 kph 6 s e c  max. 
0-90 kph 15 s e c  max. 
P4.3 40-90 kph 12 s e c  max. 
(2.5.3, 2.9.3, Appendix A Sect ion  5) 
P5 - Cradeabil ity:  
P5.1 
Grade Speed Distance  
-
3% 90 kph I n d e f i n i t e l y  
P5.2 5% 90 kph 20 km 
8% 85 kph 5 km 
65 kph I v d e f i n i t e l y  
P5.5 Maximurn Grade 3 0% 
(2.5.3, 2.9.3, Appendix A Sec t ion  5 )  
P€ - Payload Capacity: 520 kg 
P7 - Cargo Capacity: 6 m 3 
P8 - Consumer Costs: 
P8.1 Consumer Purchase Pr ice  
TED 
P8.2 Consumer L t f e  Cycle Cost 
P9 - & i s - i o n s  - Modified Federal  Test  Procedures: 
P9.1 Hydrocarbons (HC) 
P9.2 Carbon monoxide (CO) 
P9.3 Nitrogen oxides (NCbr) 
P10 - Ambient Temperature Capabi l i ty :  
Temperature range over which minimum performance requirements 
can  be met : - 20 '~  t o  +40°c. 
( 2 . 8 . 4 ,  2 . 9 . 7 )  
P11 - R e c h a r g e a b i l i t y :  
Tlme t o  r e c h a r g e  from 80X t o  10% d e p t h  of d i s c h a r g e .  
On-boara cha rge r :  120 V ,  30 A s e r v i c e  
120 V ,  15 A s e r v i c e  
Off-board c h a r g e r :  240 V ,  60 A s e r v i c e  
P12 - Required  blaintenance: 
Rou t ine  maintenance  r e q u i r e d  p e r  month: 
.076 hours  p e r  nonth .  
P13 - Unserviced S t o r a b i l i t y :  
P13.1 Dura t ion :  czame a s  r e f e r e n c e  v e h i c l e  
P13.2 Warm u p  Time Required: TBD 
P14 - R e l i a b i l i t y :  
P14.1 Mean Usage Between F a i l u r e s  - P o w e r t r a i n  = 41,000 km 
P14.2 Mean Usage Between F a i l u r e s  - Brakes = 55,000 km 
P14.3 Meat; Usage Between F a i l u r e s  - V e h i c l e  = 33,000 Ian 
P15 - Maintainability: 
P15.1 Time t o  Repair  - Mean = 9.175 hrs over  l i f e  of v e h i c l e  
P15.2 Time t o  Repair Variance: Data on conventional veh ic les  
not  a v a i l a b l e .  
(2.9.12) 
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P l 6  - Availability: 
!l.~nuutm expected utilization rate - 98.6% 
( 2 . 7 . 4 )  
P17 - Additional Accessories and Amen1 ties: 
. (Section 2 . 9 . 1 4  and Appendix A4)  
4. DESIGN TRADEOFF STUDIES 
4.1 Objectives 
The objectives of thie taak were as follows: 
1) To determine the functional dependence of the critical 
vehicle characteristics, such as fuel economy, energy con- 
sumption, manufacturing cost, and consumer costs, on vehicle 
and propulsion system configuration and design parameters. 
2) To utilize this information to perform design tradeoff 
studies, and thereby, develop a design concept for a hybrid 
vehicle which offers the greatest promise of achieving the 
program objective of maximizing the potential for reducing 
fuel consumption, within the constraints of utilizing near 
term technology which is transferable to the auto Industry. 
4.2 Approach 
The organization of the work performed to achieve these objec- 
tives is shown in Figure 4-1. It was broken down into two phases: 
- System level tradeoff studies, whose objective was to 
optimize some basic parameters which have a major influence 
on cost factors and fuel consumption. 
- Subsystem and component levcl tradeoff studies, whose 
objective was to develop specific information on subsystem 
configurations, component design and selection, material 
selection, vehicle layout, and so forth. 
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4.2.1 System Level Tradeoff Studies 
Baaic Parameter Definition 
The first step in theee studies was to define what we have 
called 'basic' parameters in Figure 4-1.  These are the parameters 
which have a major influence on vehicle manufacturing cost, weight, 
and fuel and energy consumption. The simplest set of such parameters 
is the following: 
1) Battery type (lead-actd, nickel-zinc, etc,). 
2) Battery night fraction, fig, defined as the ratio of battery 
weight, WB, to vehicle curb weight, WV. 
3) Heat engine power fraction, PHE, defined as the ratio of 
peak heat engine power, PHE, to the maximum vehicle power 
requirement, Pw. 
This parameter set leaves out a great deal of detail with 
regard to the specific characteristics of the components used; how- 
ever, this was necessary at this point to keep the universe of possi- 
bilities down to a manageable size. 
Power-to-Mass Relationships 
The next step was to determine the power-to-mass ratio required 
to achieve the performance requirements defined in Task 1, Mission 
Analysis and Performance Specifications. This was accomplislled by 
running maximum acceleration simulations of pure electric and pure 
heat engine vehicles, and determining the power-to-weight ratio re- 
quired to achieve the performance requirements for both of these 
cases. A linear variation in the required power-to-weight ratio was 
then assumed for the intermediate cases, i.e., hybrids. 
Manufacturing Cost and Weight Relationships 
A series of linear coat vs. weight, weight vs. power relation- 
shipe, and cost ve. power relationships were developed for the major 
vehicle subsystems. These linear relationships, together with the 
linear power-to-weight relationship described above, were then em- 
ployed in a vehicle weight/cost model, which computes the overall 
vehicle weight and cost, as well as the weights, power ratings, and 
costs of the major propulsion system components, as functions of the 
three basic parameters : heat engine power f rac tion (FHE) , battery 
weight fraction (iB), and battery type. A computer program, WANDC, 
was written to facilitate these computations; it is documented in 
Appendix A of this report. 
The data used in developing these cost, weight, and power 
relationships came from a variety of sources, chief of which w ~ s  an
extensive study of weights and costs of automotive components done 
by Rath and Strong. ( ') Cost numbers generated by General Electric 
for the Near Term Electric Vehicle Program (8 were also used, as 
well as manufacturers' data and cost goals for the ANL Near Term 
Battery Program. 
Bounds on Parameter Val= 
The weightlcost model was used to establish some preliminary 
- 
bounds on the ranges of the basic parameter6 iHE and WB. The can- 
straints used to establish these bounds were the following: 
1. Limitation on peak battery power for each battery type. 
This puts a lower bound on the range of permissible values 
of GB for a given value of HE' 
2. Limitation on the manufacturing cost increment of the. 
hybrid over a conventional vehicle. This puts an upFer 
bound on the rang. of permissible values of iB for a given 
value of FHr 
3. An a priori bound of ,8  was placed on the heat engine power 
fraction, under the assumption tirat anything over .8 is 
too close to a conventional vehicle. 
These three constraints define a triangular region in the PHE, 
QB plane; nubsequent investigation was limited to this region. 
Preliminarv Control Strategy and Control Parameters 
Before proceeding .to the next step, which involved the estima- 
tion of fuel and energy consumption and life cycle costs over the 
range of basic parameters, it was necessary to define a control stra- 
tegy to use in the computer simulations which would provide the fuel 
and energy consumption estimates. A number of runs were made with a 
hybrid vehicle simulation program, HYBRID (documented in Appendix B 
of this report), which led to the conclusion that to minimize fuel 
consumption, the heat engine should be shut off for system power de- 
mands below a certain theshold (PEOMTN ), provided the provulsion 
battery is not discharged beyond a certain point (DBM). This 
strategy, thus, has two modes of operation: on flode 1, the battery 
has not reached the discharge limit, DBMAX; and whenever the system 
power demand is below the threshold, PEOMIN, the system operates only 
on electric power. For higher demands, both portions of the system 
operate. On Mode 2, the battery has reached the discharge limit 
DBM, and the heat engine now supplies the average power demand, 
with the electric motor baing used only for peaking and to supply 
regenerative braking. On both modes, tho heat engine is shut down 
when the vehicle is stopped or decelerating. 
This strategy requires on-off operation of the heat engine, 
which has some unknowns aesociated with it, particularly in terms of 
emissiono. However, the fuel economy pay-off makes it worth pursuing. 
This area ir discussed in detail in Section 3.3 of Appendix C of this 
report. 
Estimation of Fuel and Energy Consumption 
Fuel and energy consumption were estimated using the program 
HYBRID. This program simulates operation of a hybrid vehicle over 
the composite driving cycle defined in the Mission Analysis task, 
using a control strategy of the type just discussed, and computes 
yearly average fuel and energy consumption. Since the purpose of 
this program was to help in localizing the range of the basic para- 
meters rather than optimizing a control strategy or investigating 
the effects of detailed component changes, the simplest possible 
representation was used of all components. This is discussed in 
detail in Section 2.1.1 of Appendix B. 
The program was also exercised for the 1985 CTD reference 
vehicle, for which it gave a fuel consumption estimate about 11% 
lower than the projected value of 18 mpg. As a result of this, all 
projections of fuel, economy for hybrid vehicles obtained from this 
program were multiplied by .89 to avoid overestimating the gains from 
a hybrid propulsion system 
Tinhteninn of Basic Parameter Ranges 
In attempting to draw the bounds a little tighter around the 
- 
acceptable range of the basic parameters GB and PHE, we took the 
viewpoint that life cycle cost and fuel conoumption are the two prin- 
cipal variabler to be considered in doing this. It would be too much 
to hope for that both these variablar would reach minimum values for 
the 8.ne combinarlon of cB and ?HE; and, indeed, this was not the 
case. In light of thie, the approach taken wns as follows: For each 
combination (pH= , cB). a number of cases were run with HYBRID, with 
various values of the control parameters PROMIN and DBW. Life cycle 
costs were obtained in each case uring the program LYFECC (documented 
in Appendix A). For each case, the life cycle cost was plotted 
against the fuel consumption. A series of curves and envelopes of 
curves was then drawn; and, based on the shape of the overall envelope 
and the proximity of the individual points to it, a judgment was made 
as to localizing the range of the parameters FHE and $. This will 
become cle~rer when the actual data and results are discussed in 
Section 4 . 3 . 1 .  
4 . 2 . 2  Subsystem and Component Level Tradeoff Studies 
Construction and Simulation of Baseline Systems 
After the selection of a limited range for the basic parameters 
which define the vehicle weight and major components' power ratings, 
the next step was to construct a baseline hybrid vehicle and propul- 
sion system with parameters within that range. This vehicle would 
serve as the focal point for making design variations and investigat- 
ing the tradeoffs involved in such variations. Because of the 
critical nature of itr function ar a rtarting point and ar on aid in 
making intelligent tradeoff decirionr, it war imperative that the 
bareline ryrtem be a reasonably good one to start with. Consequently, 
conriderable effort war expended in selecting the ryetam configuration 
and in developing a control rtrategy which would give a good combi- 
nation of fuel economy and life cycle cost for the system configurn- 
tion and parameters chosen. 
The major tool used in constructing and characterizing the 
bareline hybrid war a computer simulation. HYBRID2. Thir program 
evolved from HYBRID and differs from it in the more detailed model- 
ing of the propulsion components, as discussed in Section 2.1.2 of 
Appendix B. 
Selection of the heat engine, traction motor, and transmission 
for the baseline vehicle was made on the basis of using the most ad- 
vanced technology currently available in production hardware. 
Parametric Analyses and Supportinn Studies 
The purpose of these studies was to generate the data which 
would provide the basis for making intelligent and realistic trade- 
offs regarding the selection of design parameters and design of the 
propulsion system and overall vehicle. They were conducted in a 
number of different areas, which may be grouped as follows: 
1. Determination of the effects of variations in vehicle 
characteristics (weight, drag coefficient, etc.) from the 
values used in the baseline vehicle. The intent of these 
studies was to assess the relative importance of these 
characteristics in terns of their effects on fuel 
consumption and to develop data which would provide the 
barir for ertimsting how much of a manufacturing cost 
increarr (asrociated with m y  improvement in one of there 
characterirticr) would be justified by an aroociated im- 
provement in fuel conrumptior. 
2. Determination of the rffectr of variation8 in propulsion 
ryrtem characterirticr (engine size, tranruirrion ratios, 
control par-eterr, etc.) from the valuer ured in the base- 
line vehicles. There are characteristics over which we 
have somewhat more control than those in the first group. 
3. Determination of the effects of design approaches which 
are alternative8 to those used for the propulsion system 
componento or subsystems of the baseline systom (engine 
type, tranemiseion type, etc.). 
4. Associated studies not directly concerned with the propul- 
sion system, but which provide supporting rationale for 
the overall vehicle design. These include material cost 
and substitution etudie5 and packaging studies. 
These studies were generzlly concerned with quantifiable as- 
pects of the system, such AS fuel and energy consumption, manufac- 
turing cost, retail price, life cycle cost, and acceleration perfor- 
mance. 
Evaluation of Design Alternatives and Tradeoffs 
In addition to sorting through and evaluating the quantitative 
data on fuel and energy consumption, costs, and performance generated 
in the studies described previously, other factors were taken into 
account in evaluating derign altrrnntivea and parameter variations. 
There included emirrionr, driveability, reliability, and technologi- 
cal requirementr. (By technological requirements, we mean the re- 
quirements and rirk involved in the development of immature technology 
to achieve production atatur by 1985, together with the requirernenta 
for implementing the technology in production and the compatibility 
of those requirements with the manufacturing structure of the auto- 
mobile indurtry.) These additional factors were evaluated based on 
engineering judgment, rather than quantitative data. With emissions, 
for example, because of the lack of data on emissions when an engine 
is operated in an on-off mode, a quantitative prediction of emission 
levels ie impossible at this point in time. However, it is possible 
to project if a different engine type is likely to give more or less 
trouble as far as emissions are concerned; for example, it is safe to 
predict that a diesel will have more of a problem with particulates 
than a spark ignited gasoline engine. 
The process of evaluating design alternatives with respect to 
the above factors and the quantitative ones was as follows: First, 
a design approach was screened in terns of those factors which did 
not require detailed computation to evaluate; and, if it was apparent 
that it had serious shortcomings in one or more areas, it was dropped 
(for example,, if the technology development required to bring it to 
production status by 1985 appeared to involve a very high risk). 
If a design approach survived this preliminary screening pro- 
cess, then it was subjected to detailed analysis using the various 
computer programs developed for the task, and an overall evaluation 
was made relative to the baseline hybrid system. 
4.3 Results 
6.3.1 System Level Tradeoff Studies 
Uoing the weight and nunufacturing coat program, WANDC, a 
serier of runs were amde for heat engine power fractions (iHE) ranging 
from . 3  to .8 and battery weight fractions (Dg) from . I  to . 3  for 
lead-acid, nickel-iron, and nickel-zinc batteries. Using these re- 
- 
suits, values of PHE and GB were obtained at which the following 
limiting valuer were achieved: 
1. Manufacturing cost limitation (taken to be 1.4 x manufac- 
turing cost for the reference vehicle). 
2. Battary peak power limitations (taken to be 100 w/kg for 
lead-acid batterlee, 150 w/kg for nickel-iron and nickel- 
zinc batteries). 
The resultant boundary curves were plotted, and regions of acceptable 
values for and PB obtained for the three battery types. The HE 
results are shown in Figures 4-1 to 4-3. 
As expected from the standpoint of manufacturing cost limita- 
tions, the region of acceptable values of (FHE, ) is considerably B 
smaller for nickel-zinc and nickel-iron batteries than for lead-acid. 
The region of values of PHE and was reduced still further to B 
those values which are close to the line segments AB in Figure 4-1 to 
4 - 3 .  For example, in Figure 4-1, it can be readily shown (see 
Section 3.1.1 of Appendix B ,7r details) that the vehicle represected 
by point P is heavier, costlier, and less fuel efficient than the one 
represented by P'. 
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Fuel and Energy Consum~tion and Life Cycle Cost Estimates 
lo estimate fuel and energy consumption, each of the configuta- 
tlonr was run on the HYBRID eimulation program with various values of 
the control parameters P EOMIN and DBW. In general, values of the 
heat engine cut-in power PEOMIN from 7 kw up to 20 kw were used ex- 
cept where the traction motor was not capable of delivering 20 kw, 
and the range of the battery discharge limit was from .4 to .8. The 
projected in-use fuel economy for these cases ranged from a low of 
about 12 km/l (28.2 mpg) , to a high of 24 km/l (56.4 mpg) . Wall plug 
energy consumption ranged from .1 kw-hr/km up to .26 kw-hr/loa. 
For the purposes of these system level tradeoffs, life cycle 
costs were computed on two bases, which provide upper and lower 
boundaries for the hybrid pricing situation which is likely to occur 
in the real world. The first (nominal) case corresponds to the as- 
sumptions provided by JPL; i.e., retail price = 2 x manufacturing 
cost in all cases, and retail price of replacement batteries = 2 x 
OEM cost. The second case corresponds to the manufacturer adding 
the minimum possible retail price increment to cover the added manu- 
facturing costs of the hybrid over the reference vehicle, and battery 
OEM costs (both original and replacement); this means adding about 
1.25 times the manufacturing or OEM cost increment to the retail 
price of the reference vehicle. ( 9) 
The average gasoline and electricity prices used in estimating 
life cycle cost over the period 1985-1995 were $l.lO/gal. and 4.5dkwh 
(1978 $). These values were based on JBL projections. 
Plots of life cycle costs vs. fuel consumption are given in 
Figure 4-4 for the nominal cost case and in Figure 4-5 for the mini- 
mum cost increment case, for lead-acid batteries. The individual 
curves plotted in these figures show the variation of fuel consumption 
- 53 - 
- PHE \TB SYMBOL 
.6 .18 A I 
9 
. # .l4 0 ; 
. 8  .10 0 : 
DBMAX 
' A Q Q . -  
. 8  - 
BATTERIES 
8 . 5 ,  9.0 9 . 5 '  10.0 
L I F E  CYCLE COSTS C/KM i 
NOMINAL COST CASE-RETAIL PRICE-2xMFG COST 
BATTERY REPLACEMENT PRICE-2xQEM COST' 
F i g u r e  4-4. Hybrid V e h i c l e  Life C y c l e  C o s t  V s .  Fuel  C o n s u m p t i o n  
ACID BATTERIES : 
' . RT - -  1 
3 '  I I I A 
48.0'; 
I 
. . 8:s ; .9'. - 0 ; 9 - .-5 - 1 la: 0 ;  
i L ~ ~ E *  . . - -  'CY'CLE - -  COSTS' ' i C  /kit)' ! 
-- . --.-. - - 
M I N ~  COST CASE - R E ~ ~ I ~ P E ~ E T  2 -x M F G - C ~ S T ( R ~ ~  .-- ehicfej? 
.- - - - -. -.--. 
+ l .  25 x A F G  COST , (Hybrid_- Ref Vehic le)  i 
--. - . - --. --. 
~i~;;;? 4-5. Hybrid v e h i c l e  L i f e  C y c l e  Cost  vs Fuel ~ o n s k n ~ t i o n  
- 55 - 
and life cycle cost as the control parameter PEONIN ir varied, for a 
fixed combination of baaic parameters %) and a fixed battery 
discharge limit (DBM). Note that lower life cycle costs are fa- 
vored by using a larger heat angina power fraction and smaller bat- 
tery weight, and by not discharging the battery pack too deeply. Low 
fuel consumption, on the other hand, is favored by the reveree - 
smaller heat engine, larger battery, deeper discharge 
The approximate envelopes plotted in Figures 4-4 and 4-5 repre- 
sent the locus of points corresponding to the best attainable com- 
binations of fuel consumption and life cycle cost; in other words, 
points to the left of these envelopes are unrealizable under the 
constraints and assumptions on which the fuel consumption and life 
cycle cost analyses are based. It is evident that the envelope has 
a 'knee' to the right of which life cycle cost goes up more rapidly 
than the reduction in fuel consumption, and to the left of which fuel 
consumption goes up rapidly without much reduction in life cycle cost. 
This is perhaps most evident in the minimum cost increment case, 
Figure 4-5.  For lead-acid batteries, the cases which are grouped in 
the vicinity of this knee are those for heat engine power fractions 
of .6 and .7, with battery discharge limits between .6 and .8.  
In studying these curves, it should be noted that the projected 
life cycle cost for the reference vehicle is 8.7~/km at nominal gaso- 
line prices. This is to the left of the knee of the curve for the 
nominal price cost, and just about at the knee for the minimum cost 
case. In view of the preliminary nature of these studies, and the high 
priority placed in the Near Term Hybrid Vehicle Program on minimizing 
fuel conrmnptfon, we relected a heat engine power fraction of about .65 
a8 a starting point for the rubrequent detailed tradeoffr rather than 
the right hand end of the .6 to - 7  interval, The asrociated battery 
weight fraction should be about .17. 
The curve6 for nickel-iron showed a little different behavior 
than for lead-acid; principally, the goal of attaining a life cycle 
cost competitive wlth the reference vehicle appeared to be more nearly 
attainable. These curves are ehown in Section 3.1.2 of Appendix B; 
it suffices to say here that the shape of the nickel-iron curves led 
to the conclusion that a heat power fraction only slightly higher 
than that used with laad-acid batteries is appropriate for nickel- 
iron batteries. 
The nickel-zinc batteries showed life cycle costs considerably 
higher than the others, even at high values of heat engine power 
fraction. Even though the battery weight fractions investigated were 
low enough to keep the manufacturing cost within the constraints de- 
scribed earlier, the frequent replacement of the battery pack (half 
the life of lead-acid and less than a third that of nickel-iron) 
affected life cycle costs adversely. 
Based on the above, the three battery types were ranked as 
follows : 
1. Nickel-iron 
2. Lead-acid 
3. Nickel-zinc 
Because of the preliminary and rough nature of the system 
level studies, we did not feel that this was yet the time to totally 
exclude any battery type, and a11 three typer were carried forward 
Into the next level of tradeoff studies. Although the nickel-iron 
ryrtem appear to have advantage8 in terms of lower life cycle cost, 
we elected to w e  lead-acid batteries for the construction of a 
hypothetical bareline system due to the fact that the technology is 
more developed and the batterier better characterized. The other 
two batteries were later invertigated in terms of their relation to 
this barsline ryatam, as discuseed in Section 4.3.2. 
4.3.2 Subsyrtem/Component Level Tradeoff Studies 
Baseline Hybrid Vehicle 
Based on the results of the system level studies, a baseline 
hybrid vehicle was constructed with the following basic parameters: 
Heat engine peak power = 53 kw (VW Rabbit gasoline) 
Traction motor peak power = 30 kw (Siemens lGV1, separately 
excited) 
Heat engine power fraction = -64 
Vehicle curb weight = 2080 kg 
Battery type and weight = lead-acid; 355 kg 
Battery weight fraction = -17 
The heat engine and traction motor are currently available 
hardware, and they were chosen to give a power-to-test weight ratio 
slightly in excess of that predicted by the relationship used in the 
system level studies. For a heat engine power fraction of . 6 4 ,  that 
relationship predicts a power-to-weight ratio of .0345 kw/kg to give 
a 0-90 kph time of 15 sec.; the power-to-weight ratio chosen for the 
baseline vehicle is .0374 kwlkg. This was done to ensure that the 
minimum porfonuance requireamnt would be met a t  a l l  b8t tory r t a t a r  
of charam down t o  t he  dircharge l i m i t ,  
The configuration of the  b a r e l h a  hybrfd vehiclo WH bared on 
ro1ne preliminary t r a d r o f f r  wi th  r r rpoc t  t o  the  ryr tan mechanical 
configuration and t h e  type of a m t u r e  current  control .  Theae trade- 
o f f a  a r e  di rcurred i n  d e t a i l  i n  Section 3 . 2 , l  of Appendix 8. They 
roru l ted  i n  a ryrtam mucnanical conf igurat ion i n  which t he  hast  en- 
gine and tho t r a c t i o n  motor a r e  coupled together with t h e i r  combined 
output d r iv ing  a 3-speed automatic t r anmiaa ion  with lockup torque 
converter. The heat  engine i n  equipped with a c lutch which allows 
i t  t o  be decoupled from the  rystem. The a l t e rna t ive  considered in- 
volved ur ing  a torque converter only on t he  heat  engine output; how- 
ever, t he  mechanical complexitiee and cos t  aasociated with t h i e  
arrangement did not appear t o  be worth t h e  vary minor f u e l  economy 
benef i t  which i t  provided. 
The motor cont ro l  study led t o  the  conclusion tha t  a l imited 
rdwer armature chopper would be preferable  t o  one which would handle 
the  peak motor power. The reason f o r  t h i s  is  t h a t ,  with the use of a 
transmission, armature cont ro l  is  required only a t  very low vehicle  
speeds; f i e l d  cont ro l  is used over t h e  rnajor portion of the  vehicle ' s  
speed range. In t h i s  low speed range, maximum motor power is  not 
required t o  achieve acceptable acce le ra t ion  and gradeabi l i ty ;  conse- 
quently, a l imited power chopper is adequate and has a d e f i n i t e  cost  
advantage. 
The control  s t ra tegy  'used f o r  t h e  base l ine  hybrid was s imi la r  
t o  that  described i n  Section 4.2.1 f o r  the  system l eve l  s tud ies ;  
h w w e r ,  i n r t ead  of cu t t ing  tlre heat  engine i n  when the ryrtem output 
roached miniarum powr  l ave l  durine Mode 1 operation,  t he  cu t  i n  
point war datenuinad by a minimum torque leva l ,  TgOnIO. A value fo r  
TmI~ o f  45 n-m war found t o  be beat ;  t h i r  re ru l ted  i n  a b r f c  on 
Mode 1 of l o r r  than 320 g/kw-hr, o r  wi thin  15% of the  boat brfc .  
Thir r t r a t a g y  had one diradvantage: i t  required the  e l e c t r i c  motor 
t o  operate a t  power l eve l r  wall above i t r  nominal r a t i n g  when operat- 
ing on Mode 1 a t  high motor rpaeds (above 3000 rpm). Conrequently, 
a revised cont ro l  r t r a t egy  war conrtructed i n  wtrich the  heat  engine 
cut-in point  occurrad when the  eyrtam demand axceeded a c e r t a i n  tor-  
que l eve l  Tmm, ar long a s  the  .peed was such t h a t  t he  correspond- 
ing  power d i d  not exceed a maximum l a v e l  PNOM* I f  t he  power deter- 
mined by TEoMIN and the motor speed  exceed^ 6 PNOx, then the  cut-in 
point was determined by PNOMI Fuel economy with t h i s  s t ra tegy  was 
almost i d e n t i c a l  t o  the  one which used only torque t o  determine the 
heat engine cut-in point .  This s t r a t egy ,  which t r i e s  t o  keep the 
heat engine operat ing above a minimum torque l e v e l ,  but a l s o  avoids 
excessive power demands on the  e l e c t r i c  motor and ba t t e ry ,  was 
coneequently adopted f o r  t h e  baseline vehicle .  
Effects of Vehicle Parameter Variations from Baseline 
The e f f e c t s  of changes i n  r o l l i n g  res i s tance ,  drag coef f ic ien t ,  
and veh ic le  mass on fue l  economy, wall plug energy consumption, and 
0-90 kph acce l e r a t i on  were determined using the  computer simulations. 
These e f f e c t s  may be summarized a s  follows ( for  more de t a i l ed  discus- 
eion, see Section 3.3 of Appendix B). 
1. Rollinn Rerirtance. The influence coefficient of rolling 
rerirtance on fuel economy ir ab~ut 0.5; i.e., a 10% increaae in 
rolling rerirtance rerultr in about a 3% decrease in fuel economy, 
and inve?rely. The influence on wall plug mergy conrumption ir al- 
w r t  negligible; the reaaon for thir ir that, during most of the 
year'r driving, the battery ir dircharged to the dircharge limit. 
Conrequently, on thore days the mergy consumption la errentially 
fixed. It is only on the day* on which the battery dircharge limit 
ir not reached that the rolling rerirtance har an effect on energy 
conruuption. The effect of rolling rerirtance on the 0-90 kph time 
ir also rmrll since most of the energy expended in this time goes 
into vehicle kinetic energy. 
The baseline value of rolling rerirtance used was .01, which 
we feel is raalirtic for 1985 production tires. A 10% improvement 
in rolling resistance from this value results, monentarily, in about 
* 
a $150 fuel savings over the life of the vehicle. Consequently, 
any associated increment in tire price should be kept within these 
bounds (pro-rated over the total number of tire sets needed). 
2. Drag Coefficient x Frontal Area. The influence of the 
CDA product on fuel consumption is about 0.4, not a great deal less 
than that of rolling resistance. The reason for this is that a large 
part of the fuel consumption of the hybrid occurs on days with a lot 
of travel (since on the low travel days, it makes heavy use of stored 
- 
* For aseumptions with respect to fuel and electricity prices, see 
Figure 2-13 of Appendix B. 
eneqp). On thore long travel dayr, there ir a lot of highway travel; 
8nd under there conditionr, aerodynamic drag reprrrentr a rignificant 
energy expenditure. 
Tha bareline value of C$ wa' .872 02, correrponding to a drap 
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coefficient of .4 and 8 frontal area of 2.18 m (23.5 ft ). We feel 
that thir rrprermtr r rearonable and achievable goal for a full-rize 
modan in the 1985 time frame. In monetary term, a 10% reduction in 
drag coefficient from thir baraline value ir worth about $120 over 
the lifr of the car. 
Vehicle Marr 
The influencr coefficiontr of vehicle teat maor on fuel economy 
and 0-90 tima are, rerpectivrly, about 0.9 and 1.0. The weight in- 
fluence on fuel economy for the hybrid is rimilar to that for a con- 
ventional car; however, due to itr much lower fuel coneumption to 
rtart with, it meanm much leas in abrolute terms for the hybrid. At 
nominal fuel pricer, a 10% decrease in vehicle mass means about a 10% 
reduction In fuel consumed, with a present value of about $300. On 
a strictly economic basis, this means that the retail price of the 
car should not increare by more than $1.35 per kilogram of weight 
saving, or about 60c/lb. 
From the manufacturer's standpoint, weight savings are of 
significance only if they permit him to lower a car's inertia weight 
claseification and if the fuel economy the car starts with is low 
enough so that the change in inertia weight class and resultant fuel 
economy increment is significant in improving the manufacturer's CAFE. 
(The difference between the effects of making changes in high mileage 
and low mileage care on CAFE was discussed in Appendix A, pp. 48-49.) 
Although tho hybrid is in a high inorti. weight clarrification, it ir 
a 33-40 mpg vehicle; and conroquontly, improving itr miloage further 
doer not maan a whola lot to tho manufactuter'r CAFE. In thir 
roapect, tho hybrid ir equivalent to a rubcompact car in tetmr of 
itr effect on hfr CAFE; and tho way to ura ouch carr to improve CAK 
is to sell than at acceptable pricer rather than attmpt to extract 
tho u l t ~ t o  fuel oconomy through the ure of high cost techniques 
that murt alro bo parred on to the ultimate consumer. The hybrfd 
will have a rubrtantial price increment ovar a conventional car which 
will tend to restrict it8 market rhara; a manufacturer would obviously 
try to keep thir increment to a minimum to avoid rertricting that 
market any more than is abrolutely necessary. 
It comer down to a qumrtion of where the manufacturer (and, 
eventually, ths consumer) puts hls money. If he elects to stay with 
a conventional vehicle design, then wc.ight reduction becomes extreme- 
ly important in reducing his CAFE, and spending money on exotic ma- 
terials may become worthwhile for him. On the other hand, if he 
electa to introduce a hybrid, that step alone can get him where he 
needs to be in terms of fuel economy; increasing his (and the con- 
sumer's) expenditure beyond that step does not make a whole lot of 
sense. 
On the basis of these considerations, we came to the conclusion 
that, at the most, the same weight reduction techniques used in 1985 
production conventional cars would be used in the hybrids. 
Effects of Propulsion System Parameter Variations from Baseline 
Propulsion system parameters which were investigated were the 
f 01 lowing : 
- Heat engine power rating 
- Final drive ratio 
- Battery type 
- System voltage 
In addition, several variations in control strategy were also 
investigated. Variations in motor power rating and battery weight 
were not investigated except insofar as changes in these parameters 
were appropriate when considering batteries other than lead-acid. 
The reason for this is that the heat engine power fraction and bat- 
tery weight fraction for each of the three battery types considered 
were localized fairly well in the system level studies. 
1. Heat Engine Power Rating Fxnal Drive Ratio. The influ- 
ence of the heat engine power rating on fuel economy is about - . 3 ,  
on acceleration time about - .8 ,  and on wall plug energy consumption, 
negligible. Consequently, it would be possible to reduce the 0-90 kph 
from the baseline value of 14 sec. to somethj.ng more in line with 
current practice (about 12 ~122.) with a fuel economy penalty of 
about 5.4%. It wz; found. towever, to be more desirable to change 
the final drive ratio and transsission gearing to improve performance 
somewhat without sacrificing fuel economy. It was found that the 
influence coefficients for the final drive ratio were about .17 on 
fuel econumy, -.I6 on energy consumption, and -.32 on 0-90 kph time. 
The fact that fuel econcmy increased and energy consumption decreased 
with an i n c r e a s e  i n  f i n a l  d r i v e  r a t i o  was s u r p r i s i n g ;  however, t h i s  
i n d i c a t e d  t h a t  t h e  b a s e l i n e  d e f i n i t e l y  had too  ' t a l l '  gear ing  and,  
as a r e s u l t ,  s p e n t  t o o  much t ime i n  t h e  stop-and-go c y c l e s  i n  f i r s t  
gear  i n  which t h e  t r ansmis s ion  e f f i c i e n c y  i s  lower and t h e  torque  
conver tor  is n o t  locked * ~ p .  Thi s  e f f e c t  appa ren t ly  outweighs t h e  
improved h igh  g e a r  e f f i c i e n c y  which r e s u l t s  from t h e  h ighe r  engine 
loading  and lower b s f c  w i th  t h e  t a l l  gea r ing .  The d i f f i c u l t y  wi th  
i n c r e a s i n g  t h e  f i n a l  d r i v e  r a t i o  is a n  i n c r e a s e  i n  engine  RPM a t  
normal road speeds .  The b a s e l i n e  gea r ing  provides n e a r l y  t h e  same 
RPM a t  a given road speed a s  i n  t h e  VW Rabbit .  Engine speeds much 
h igher  t han  thf . ,  under  c r u i s i n g  c o n d i t i o n s  would be,  w e  b e l i e v e ,  
unacceptable  t o  t h e  buyer of a f u l l - s i z e  American c a r  s i n c e  such a  
buyer is used t o  a t o t a l  l a c k  of mechanical  'busyness '  a t  normal 
c r u i s i n g  speeds.  Because of t h i s ,  and because t h e  pe r fomance  of 
t h e  b a s e l i n e  h y b r i d  was a b i t  t oo  marg ina l  f o r  t h e  c l a s s  of v e h i c l e  
being consj,dered, we f e l t  t h a t  a b e t t e r  approach would be t o  go t o  a  
h igher  rear end r a t i o  wi thout  downsizing t h e  hea t  engine ,  and add an  
ove rd r ive  r a t i o  t o  t h e  t ransmiss ion .  Th i s  provides a  s l i g h t  f u e l  
economy improvement, b e t t e r  a c c e l e r a r i o n  performance, and a much 
b e t t e r  combination of g r a d e a b i l i t y  and l a c k  of f u s s  a t  highway speeds.  
2. Cont ro l  S t r a t e g y  V a r i a t i o n s .  The c o n t r o l  s t r a t e g y  u t i l i z e d  
f o r  t h e  b a s e l i n e  hybr id  made d e c i s i o n s  regard ing  t h e  ope ra t ion  of t h e  
hea t  engine  and e l e c t r i c  motor based on two v a r i a b l e s  - system power 
demand and inpu t  speed t o  t h e  to rque  conve r to r  ( o r ,  e q u i v a l e n t l y ,  
power and t o r q u e ) .  This  r e s u l t e d  i n  h igh  cont inuous b a t t e r y  output  
i n  Mode 1 i n  highway d r iv ing .  To c u t  t h i s  ou tput  back t o  a more 
reasonable value, a modified control strategy was tried in which the 
heat engfne operates (whenever the system dem~nd is positive) if the 
vehicle speed is above a certain value. The value used was 20 mps 
(72 kph, or 45 myh). This change resulted in a 4% improvanent in 
fuel economy, along with a reduction in average battery output on 
the highway driving cycle to a level more in accord with the sustain- 
ing power capability of ISOA batteries. 
Up until this point, the transmission shift logic used was 
similar to that of a conventional transmission: a decision to up- 
shift or downshift is made on the basis of transmission input (torque 
convertor output) speed and accelerator pedal position. However, no 
distinction was made in determining the shift points, between heat 
engine on and heat engine off conditions, or between Mode 1 and 
Mode 2 operation. This resulted in closed throttle downshift points 
which were too low to provide effective regenerative braking. Con- 
sequently, the shift logic was modified so that, with the heat en- 
gine off, the shift points were based only on the motor characteris- 
tics to provide effective togenerative braking. The shift logic with 
the engine operational (accelerating and cruising) was still based 
on keeping the engine bsfc as low as possible. With the incorpora- 
tion of this change (along with the previous change to include ve- 
hicle speed sensitivity), fuel economy improved by another 6%. 
These studies brought us to the conclusion that an optimal 
control strateany must be sensitive to the system power demand, and 
both transmission input speed and vehicle speed; also, the transmis- 
sion shift logic must differentiate between engine on and engine off 
conditions. 
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3. Variations in Battery Type. The cases considered, including 
the baseline, are shown in Table 4-1, The same 53 kw heat engine was 
used for all three cases; thus, the increased heat engine power frac- 
tions for the nickel-iron and nickel-zinc cases resulted from the 
decreased motor power needed to maintain the same acceleration re- 
quirement with a reduced vehicle weight. The reduction in vehicle 
weight takes into account the reduction in battery weight, along with 
a 20% weight propagation factor. The performance and life character- 
istics assumed for the three battery types are shown in Figures 4-6 
and 4-7. All these characteristics were based on the ANL goals for 
ISOA batteries, at the time the study was performed. 
The results for the three battery types may be susmarized as 
follows: fuel economy values for the lead-acid and nickel-iron bat- 
teries were virtually identical, with the nickel-zinc configuration 
returning about 7% better fuel economy than the first two types. 
However, due to differences in life characteristics, the nickel-iron 
configuration showed a slightly lower life cycle cost than lead-acid 
(by about .Sc/km), and the nickel-zinc configuration a considerably 
higher cost (1.7-2.9~/km, depending on battery retail pricing srra- 
tegy) than the baseline lead-acid configuration. 
The conclusions, therefore, remained the same as those drawn 
from the system level studies: Assuming that all three battery tyV.ss 
have equal probabilities of attaining the ISOA development goals, the 
nickel-iron battery has an economic advantage over lead-acid; and 
nickel-zinc is a rather poor third. 
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Table 4 - 1  . YWVLYETERS FOR ALTERNATIVE 
BATTERIES 
Parameter 
Lead-Acid 
(Baseline) Nickel-Iron Nickel-.Zinc 
Battery weight (kg) 355 2 70 2 10 
Nominal battery capacity 
(kw-hr, 3 hr rate) 
M a x i m u m  motor power (kw) 
Vehicle Curb weight (kg) 
.Heat Engine Power Fraction 
Battery Weight Fraction 
~l gure- '4-6 ISOA' 0attFry characteFi s t i  - cs 
- - loo-! 
- .  . - -  - 
B a t t e r y  L i f e  ~ h H r a c t i r i s t i c s  
DEPTH OF DISCHARGE 
- - .- 
F i g u r e  4-7. 
A critical appraisal was aubsequently made of the battery 
development situation relative to the attainment of these goals, 
and the conclusions drawn were the following: Although all three 
battery types are making substantial progress toward the attainment 
of these goals, there are more unknowns associated with the nickel- 
zinc system than the lead-acid system, and a lot more associated with 
the nickel-iron system. In view of its potential life cycle cost 
advantages (as well as vehicle related advantages, such as lower 
weight), we concluded that the nickel-iron system should be pursued 
but with a load-acid backup. For this reason, both these systems 
were carried into Task 3 (Preliminary Design); however, the nickel- 
zinc system was dropped. 
4. System Voltage. The studies described in the previous 
sections did not explicitly consider system voltage. The assumption 
was made that the ISOA battery goals could be met with a battery 
pack designed for the nominal voltage of the Siemens motor used in 
the baseline design, which has a design center of 130 V (nominal 
144 V battery pack). We shall now examine the validity of this 
assumption and the tradeoffs involved with respect to system voltage. 
In general, increasing batterv voltage while keeping the same 
physical constraints on the battery means a smaller and less effi- 
cient cell design; cell connectors and partitions become a larger 
percentage of the total battery mass and specific energy drops. Now, 
in the case of lead-acid batteries, the volume and weight assumed for 
the baseline hybrid correspond approximately to 12 modules of the 
same size as golf cart batteries, which is the module size for which 
the ISOA lead-acid battery development is being carried out. Thus, 
the battery weight and volume would correspond to a 72 V system, 
rather than 144 V. In an attempt'to arcertain the voltage tradeoffs 
involved, both the motor manufacturer Siemens and battery manufac- 
turers were asked to estimate the differences in their products at 
voltage levels of 72 and 144 V. 
With respect to the motor, the conclusion was that decreasing 
the nominal battery voltage from 144 to 72 V would do the following: 
- Increase the motor OEM price by $160 (100,0000 units/year) 
- Decrease the typical operating efficiency from 82% to 78%. 
This corresponds to a reduction in average efficiency of 
about 4%. 
- Tncrease motor weight by 6-7 kg. 
The battery manufacturers who responded were somewhat less 
definitive in terms of the magnitude of the effects of increasing 
system voltage from 72 to 144 V. From the responses, we came to the 
conclusion that the specific energy would drop 10 to 20% at the 
higher voltage. Cost per kg would not change significantly; so, if 
the same weight and package size were maintained for each battery 
type, available energy woi~ld drop 10-202, and tha battery cost would 
not change significantly. 
Assuming the worst, i.e., a 20% decrease in battery specific 
energy associated with the higher voltage, the simulation results 
gave about a 9% decrease in fuel economy and a 9% decrease in energy 
consumption. For the baseline case, this amounts to an increase in 
the prevent value of fuel consumed of about $250 and a decrease in 
energy value of about $160, for a net increase of $90, 
On the other hand, if we reduce the battery voltagv and take 
the rlightly less efficient and more cortly motor, the fuel conrump- 
tion inccearer relative to the bareline by about 5% and energy con- 
rumption by 2%. The correeponding prerent values of fuel and energy 
coneumed are about $130 and $30. 
The conclusion reached is the following: If we btay with the 
approximate voltage implicit in the motor selection for the baseline 
eystem and adopt a more rea1,istic estimate of what we are likely to 
get in terms of battery specific energy at this voltage, we come up 
with a total cost penalty of about $90. If we lower the motor vol- 
tage to an appropriate value to get the ISOA battery specific energy, 
the cost penalty is about $320. 
The coat tradeoffs for the hybrid, thus, appear to favor the 
sacrifice of specific energy to obtain a higher voltage system, if 
one considers only the motor and battery. As far as the controller 
is concerned, it would be beneficial to keep the nominal system 
operating voltage down to about 120 V to avoid having to go to more 
expensive, triple-diffused transistors in order to obtain a peak 
voltage rating which would be required at a system voltage in excess 
of 120 V. (See discussion in Section 3.5.4 of Appendix B) A 120 V 
nominal system voltage would involve only a slight degradation in 
motor characteristics, and a slight improvement in battery charac- 
teristics when compared to a 144 V system. Thus, the final adjt~st- 
ment of nominal system voltage can be made on the basis of ccntroller 
economics; and on this basis, a 120 V system was chosen. 
Alternative Deriun Approaches 
1. Use of Flywheelr a8 Energy Buffers. In order to limit 
the instantaneous power output required from either or both of the 
treat engine and traction motor, a flywheel could be used to release 
energy during acceleration and store it during deceleration. There 
are theoretical advantages in doing this: 
- The ability to store energy during decleration is not 
limited by the power capacity of the electric motor/ 
generator, or by the battery's ability to accept charge at 
a high rate (which is ti function of its state of charge). 
- The output of the battery can be load levelled so that it 
is nearly a constant current discharge. This Cs favorable 
in terms of maximizing the available energy from the battery 
at a given average discharge rate. 
The disadvantages of using a flywheel as an energy buffer are 
of a practical nature. They include: 
- High overall system complexity, in terms of both mechanical 
layout and controls. 
- Some forni of continuously variable transmission is required 
between the flywheel and the rest of the drivetrain for 
speed matching. 
- Composite flywheels appear to be the only type which have 
a chance of providing acceptable energy density, and the 
status of technology of these devices appears to be highly 
tentxotils relative to a 1985 production target. 
Becaure of the potential advantages of an energy buffered 
ryrtem, we conducted a critical rurvey of the state-of-the-art of fly- 
wheel technology to arrerr itr applicability to the near term hybrid 
vehicle. Thir rtudy ir dircurred in detail in Section 3.5.1 of 
Appendix 8. The conclurionr drawn from it may be smmaarized ar 
followr: Quantity production of flywheels, ar major element8 in an 
electric or hybrid nutomobila drivetrain, is not foreseen prior to 
around 1990. Given thir long a lead time, prototypes in 1980 could 
not be very representative of future production designs, and a damon- 
rtration of such would not be instrumental in bringing about quantity 
production by 1985. Although present technology will support the 
construction of experimental machlnes of great educational value, 
such models should not be regarded as prototypee for mass production 
in 1985. As a consequence, a system using a flywheel as an energy 
buffer would not be a viable alternative for the near tern hybrid. 
2. Alternatives to Naturally Aspirated Gasoline Engines. 
(a) Diesel: The prechamber diesels normally used in paseenger 
cars offer higher fuel economy than Otto cycle engines primarily 
because of lower fuel consumption under light load; the minimum bsfc 
under heavy load may not be more chan 10% better than an Otto cycle 
engine. Consequently, the fuel economy advantage of a prechamber 
dir~el over a good gasoline engine largely disappears when the engine 
is operated like it is in the hybrid, i.e., only under relatively 
high load. 
Against the minor fuel economy improvement attainable by using 
a diesel in the hybrid must be weighed the following: 
- Greater coat and weight than a conventional gasoline engine 
of the same output, 
- Poor cold start ch~racteristics. 
- Problems with respect to control of particulate and NOx 
emir s ions. 
As a result of there considerations, we came to the conclurion 
that utilization of a diesel in the near term hybrid would not be 
desirable because of the added cost and development problems aseo- 
ciated with only a small improvement in fuel economy (on the order of 
10%) in an already fuel efficient system. 
(b) Stratified Charge: Stratified charge engines fall into 
both open chamber and prechamber categories. The open chamber engine 
which is closest to production Is Ford's PROCO. Like the diesel, the 
open chamber ~tratified charge engine obtains most of its fuel economy 
advantage from low fuel consumption at light load; consequently, its 
fuel economy advantage over a conventional engine, in the hybrid 
application, will be small, Also, like the diesel, theoe engines 
have a lower specific output and will cost more to manufacture than 
a conventional engine; however, the penalties in these areas are not 
as severe as with a diesel. 
We concluded on this basis that if a manufacturer did not 
already have a small open chamber SC engine developed for a small 
car line, he would be unlikely to develop one specifically for a 
hybrid application in preference to a conventional spark ignited 
engine. 
For thir rearon, and due to the fact that Ford's current 
emphasir is on large PROCO engines and amall four cylinder produc- 
tion PR0CO'r are not in the offing, a PROCO or other open chamber 
rtratified charge engine would not be an attractive altarnative for 
the near term hybrid vohicle 
The prechamber rtratified charge engine, a8 exemplified by the 
production Honda CVCC engine, has one major advantage, and that is 
relatively low uncontrolled emissions. The engine hoe no advantage 
over a conventional engine in tenna of fuel economy (in fact, appears 
to have narrower rpead range over which it has low bsfc), and has 
lower specific output. Coiieequently, we saw no reason for choosing 
it over a conventional engine, 
(c) Turbscharging: Turbochorging offers the advactage of rais- 
ing the maximum bmep of an engine without significantly affecting the 
bsfc at lower values of bmep. Thus, for a given power rating, using 
a small turbocharged engine provides be:ter fuel economy than a large 
naturally aspirated engine, in a conventional vehicle, The amount of 
improvement to be gained in a hybrid application, however, is less 
since, even with a naturally aspirated sngine, the hybrid spends most 
of its time operating close to the minimum bsfc region. 
Apart from the minor fuel economy benefit, there would be a 
problem of scale in attempting to use a turbocharged engine of the 
same peak output as that of the baseline (53 kw). Such an engine 
would probably be only 1000 cc or less in displacement, and there 
are virtually no modern engines to work with in this size range ex- 
cept for motorcycle engines which lack the emissions control technology 
and low production covt associated with passenger car engines, as 
well a8 their durability. 
As a consequence, we would regard turbocharging as an alterna- 
tive (to increased engine size) method of obtaining higher performance 
than that provided by the baseline hybrid, at little or no fuel econo- 
my penalty, uaing the same engine size as in the baseline. Using it 
to downeize the baseline engine and keep the same performance level 
would not be particularly useful. 
3. Alternatives to Separacely Excited DC Motor. Three methods 
of motor control were considered in addition to the DC motor with 
separately excited field. These were 
- Thre phase AC motor/invertor 
- DC (series field) 
- DC (permanent magnet field) 
A detailed discussion of the advantages and disadvantages of 
each of these techniques, along with the baseline separately excited 
DC motor, is given in Section 3.5.3 of Appendix B. The conclusions 
reached *sith respect to these altr?rnatives may be summarized as 
follows : 
(a) 3-Phase AC MotoriInvereor: This system offers many 
advantages in terms of motor design (smaller, lighter, ct,,aper, less 
maintenance); however, it ;,pquires the use of an inverter which is 
both large and, at the present state-of-the-art, very expensive. 
Alhtough electric and hybrid vehicles may ultimately ~itilize AC 
drives, their implementation in production will have to await the 
development of much lower cost production methads for high power 
switching devices. We do 1 1 ~ t  see this happening in time for this 
motor and control technology to be employed in a 1985 production 
vehicle. 
(b) DC Traction (series fieldl: This type of motor has several 
major disadvantages - available power drops off rapidly with increas- 
ing motor speed (unlike the separately excited motor, which is very 
nearly a donstant power device in the field weakening range); it 
requires control of full motor current over the entire speed range; 
and it is difficult to implement a regenerative braking system with 
it. It has a slight cost advantage relative to a separately excited 
motor; however, this is far outweighed by the cited disadvantages. 
(c) DC/Permanent Xagnet: This motor type is inherently very 
-, 
efficient because field excitation is supplied by a magnet which 
consumes no power. However, at a given armature voltage, the region 
of high efficiency is limited to a narrow speed and load range. 
Consequently, like the series motor, it suffers by needing a cho>per 
control of motor current, with its added inefficiency and cost, when 
both load and speed are varied o*:cr a wide range. In addition, PM 
motors are presently not available in the size required for the hy- 
brid; they are generally only fractional horsepower motors. 
As a result of these considerations, we came to the conclusion 
that the DC separately excited motor using a combination of a limited 
power armature chopper and field chopper, is the most suitable af the 
alternatives investigated for the near < e m  hybrid vehicle. 
4. Motor Control Alternative. The primary choices here involve 
the switching elements to be used in the limited power armature chop- 
per and the field chopper: SCR or transistor. Although SCR'e have 
presently a coat advantage over transistors in the power range of 
interest, there are eeveral disadvantages, including: 
a) Low switci.ing frequency, which gives rise to noise problems 
in the audible range. 
b) Circuit complexity. 
c) Overall hizher weight and lower efficiency than transistor 
based controllers. 
Power transistors have been traditionally relegated to relative- 
ly low voltage, low current applications. Only recently have high 
voltage, high current transistors become available. Because they 
have only recently been developed, costs tend to be higher. Perfor- 
mance benefits can sometimes outweigh cost considerations, however; 
and the circuit simplification and reduction in associated high power 
components usually favors power transistors. Production costs are 
expected to decrease during the time frame of interest to this pro- 
gram; and, as a result, transistor based designs were selected for 
both choppers. 
5. Transmission Alternatives. The principal alternatives to 
the three-speed automa~ic transmission with lockup torque convertor 
used in the baseline hybrid vehicle were as follows: 
- Four-speed (overdrive) automatic with lockup torque conver- 
ter. 
- Continuously variable transmission. 
The advantages of the four-speed automatic relative to the 
three-speed have already been discussed. It provides improved grade- 
ability and acceleration performance, and lower noise and greater 
emoothness at highway cruising speeds. Consequently, we concluded 
that a manufacturer would use one in a hybr-d, particularly if he 
had one in hi's parts bin. It is known that transmissions of this 
type are under development for production within the next two years 
by major manufacturers (e.g., Ford); consequently, replacement of the 
three-speed assumed for the baseline hybrid by a four-speed would 
appear to be warranted. 
With respect to continuously variable transmissions (CVT's), 
a state-of-the-art survey produced the conclusion that the only unit 
showing near tern promise is tke metallic belt drive being developed 
by Van ~oorne's Transmissie B.V. in Holland, and Borg Warner in the 
U. S. This is well along in development. Units are quite compact, 
and there aocs not appear to be any fundamental limitation which 
would prtvi:st scaling up the existing designs (primarily for small 
cars) to the power requirements of the hybrid. Advantages of this 
type of transmission relative to a conventional automatic are the 
elimination of torque convertor losses and the possibility for ob- 
taining optimum loading of the heat engine at anv power demand. 
Considering these advantages, together with its advanced state of 
development, ;qe concluded that a more detailed study was warranted 
to quantify its fuel economy advantages. The results of this study 
are described in detail in Section 3.5.5 of Appendix B. The major 
conclusion was that the fuel economy of a hybrid with a CVT would not 
be more than 10% better than a hybrid using a wide ratio, four-speed 
automatic with a fully optimized control strategy and shift logic. 
This is considerably less than the improvement that would be expected 
for a conventional car, because the hybrid's heat engine already 
operates much closer to its minimum bsfc region than a conventional 
car, and the CVT consequently does not gain much in this regard. 
The principal gain is due to the elimination of the torque convertor. 
We concluded from this that a conventiosal car is a much betcer 
place to put a CVT than a hybrid, in terms of the potential gains in 
fuel economy. Again putting ourselves in the position of a manufac- 
turer, if a CVT in the right power range were already developed and 
available for a conventional vehicle and did not cost more to produce 
than a more conventional automatic, it would be logical to use it in 
a hybrid vehicle. However, it would probably not be worth the invest- 
ment to develop one specifically for a hybrid. For the Near Term 
Hybrid Vehicle Program, the Van Doorne CVT is an interesting possi- 
bility with unknowns attached to it in the areas of manufacturing 
cost and durability; and it is unessential to the basic objective of 
achieving a very large increase in fuel economy using near term 
technology. We, consequently, elected to stay with a four-speed 
automatic with lockup torque convertor. 
Supporting Studies and Analyses 
Vehicle Layout/Packaging 
Based on the results of the Mission Analysis task, we had 
concluded that the hybrtd vehicle design should be a derivative of 
- 1985 production 6-passenger sedan, and that a suitable choice for 
both a conventional reference vehicle and a starting point for the 
hybrid vehicle design would be the 1985 version of the Ford LTD. Our 
analysia and judgment led us to conclude that there would be little 
change in terms of packaging and vehicle layout between the current 
LTD and its 1985 counterpart. Consequently, the packaging task be- 
came a practical, matter-of-fact job using actual 1979 Ford LTD 
dimensions and layout as the base to work within, 
The results of this study indicated that the basic propulsion 
system hardware fits dthin the existing angine compartment, and 
there are several alternative battery layouts that offer acceptable 
weight distribution, safety, and accessibility. These layouts in- 
volve packaging the batteries either in a single compartment within 
the trunk, or in multiple compartments within the trunk and under the 
seats. Although the multiple compartment layouts offered advantages 
in terms of improved weight distribution, a single compartment loca- 
tion in the trunk was eventually selected because of the greater 
manageability of problems of ventilation, thermal management, and 
single point watering and venting for all battery ca1l.s. 
Material Substitution/Weight Reduction 
-
In defining the material substitution likely to be made, and 
resultant weight reduction potential, for a 1985 vehicle, one must 
firstdecide if any radical approach will f~ld its way into a rela-. 
tively high volume passenger car, regardless of the beneficial effect 
it would have on weight reduction and, thus, fuel economy. The 1985 
model year is near at hand to the auto industry that must make its 
long lead decisions 5-7 years in advance. This led us to conclude 
t h a t  the re  would not  be n high volume aluminum o r  p l a s t i c  composite 
c a r  i n  1985. Our review of l i t e r a t u r e ,  d i scuss ions  with au to  indus- 
t r y  eupp l i e r s ,  and wi th  an a u t o  indus t ry  manufacturer confirms our 
assumption. Alminum o r  composite c a r s  may bc introduced i n  1985 
b u t  only i n  ve ry  l i m i t e d  production volumes t o  prove ou t  technology 
which might be used i n  the  1990's on h igh volume production c a r s .  
Since t h e  downsized LTD, introduced i n  1979, is a l ready  a very 
weight e f f e c t i v e  s o l u t i o n  t o  a l a r g e  c a r ,  we concluded t h a t  no major 
changes would t a k e  p lace  between now and 1985 except f o r  a f a c e l i f t  
i n  the  e a r l y  80 '8 ,  a material s u b s t i t u t i o n  program t o  reduce weights 
of  se lec ted  components, and/or  change t o  a more f u e l  e f f i c i e n t  PRQCO 
o r  d i e s e l  powerplant.  me components which were s e l e c t e d  a s  l o g i c a l  
candidates f o r  weight reduct ion ,  and t h e  candidate  c l t e r n a t i v e  mater- 
ials,  were as fo l lows:  
Component 
Frame 
Bumpers 
Hood Outer 
Hood Inner  
Deck Outer 
Deck Inner  
Door Outers  
Door Inners  
Fenders 
Wheels 
Power St rng.  Pump Hsng. 
Axle Housing 
Radiator  
Mater ia l  
S t e e l  
S t e e l  
S t e e l  
S t e e l  
S t e e l  
S t e e l  
S t e e l  
S t e e l  
S t  e e l  
S t e e l  
C . I .  
C . I .  
A l t e rna te  ?laterials  
HSLA Alu P l a s t f c s  
- -
X o r  X 
X o r  X 
X o r  X 
X o r  X 
X o r  X 
X o r  X 
X o r  X 
X o r  X 
X o r  X 
X o r  X 
X 
To arrive at a weight reduction potential for the changes 
outlined above, we first determined the material description and 
weight for a 1979 LTD. A methodology for determining the weight of 
the equivalent part in aluminum or plastic was developed; this 
methodology is included in Appendix B to thi,~ Lep~rt. 
Application of this methodology, together with cost data for 
the materials considered, led to the conclusion that selected use of 
aluminum panels in large cars would be economically justifiable. The 
frame was excluded, however, because the enthusiastic advertising of 
the virtues of aluminum frames is not supported when one c,tternpts to 
find a realistic means to design and built prototype frames. 
The initial study indicated surprisingly high prices for the 
substitution of plastic. However, during the Preliminary Desi;n Task, 
the study was updated with the help of Sheller-Globe Corp.; and some 
plastic parts were eventually included in the design. This is dis- 
cussed in more detail in the Section 5 of this report and Appendix C. 
5. NEAR TERM HYBRID VEHICLE PRELLMINARY DESIGN 
5.1 General Description 
Aa discuseed previourly, the NTHV is conceived by SCT to be a 
roomy, eix-pasrangar vehicle in which the hybrid propulsion system 
would be incorporated by tna manufacturer to allow the retention of 
the high profitability of this clasa of vehicle while meeting CAFE 
requirements for 1985 and beyond. As such, apart from t;!e propulsion 
dystem it is an evolutionary development of an existing weight effi- 
cient six-passenger vehicle, the Ford LTD, into the 1985 time frame. 
A summary of the design features and vehicle characteristics is given 
in Table 5-1. The numbers given in this table are based on the use 
of nickel-iron batteries. The effects of using the alternative lead- 
acid batteries will be discussed 1.~1 Section 5.2 (Propulsion System 
Description) . 
Propulsion system layouts and renderings of possible styling 
treatments are provided with Appendix C to this report. The passen- 
ger compartment and frame are identical to the existing Ford LTD; 
shape changes have been made at the front and rear for improved aero- 
dynamics. The motor and engine can be accommodated nicely in the 
space formerly occupied by the V-8; however, there is not much room 
left under the hood for electronics or batteries. Consequently, the 
motor controls, battery charger, and system controller (microproces- 
sor) are located under the seats, which is a more favorable environ- 
ment in terms of temperature than under-hood in any case. Motor 
controls (armature, field chopper, contactors, and associated logic 
circuitry) are located under the front seat. The battery charger and 
1 .  General 
Passenger Capacity 
3 
Layout 
Curb Weight 
Distribution 
GVW 
Distribution 
Wheelbase nun 
Track nrm 
Length m 
Width m 
Height rnm 
Ground Clearance mm 
Trunk Space cu.m. 
Fuel Capacity 
2 .  Propulsion System 
Engine 
Displacement 
Peak power 
Peak torque 
Motor 
Rated power 
Battery 
Rated capacity 
(3 hr rate, 100% DOD) 
Nominal voltage 
6 
Front Engine - Rear Drive 
1864 kg 
4 7 . 6 %  F ,  4 2 . 4 %  R 
b 
2384  kg 
4 3 . 8 %  F ,  56.2% R 
2903  
1 5 8 1  F ,  1575 R 
5309  
1 9 6 8  
1385 
1 2 3 . 7  
. 5 9  
4 0  liters 
VW Rabbit S.I. 
1.5 1 
5 3 . 3  kw @ 5800 RPM 
99 N-M @ 3500 RPM 
Siemens I G V 1 ,  separately excited 
17 kw 
Nickel-Iron 
14.5 kw-hr ( 5 4  w-hr/kg) 
1 2 0  
Tr;,ns { l;t.or Choppers Motor C,\n: r o l  - 
F i e l d  choppe r  
Arma tu re  chopper  
T r a n s m i s s i o n  
T o r q u e  C o n v e r t e r  nun 
Stall Torque  R a t i o  
Ratios 1 s t  
2nd 
3 r d  
4 t h  
Rev, 
10  AMP 
140 AMP 
4 Speed Auto., Lockup on 3rd 6 4 t h  
F i n a l  D r i v e  
Rat io  
3. Chassis Systems 
F r o n t  Buspensi on - Unequal l e n g t h  A-arms , c o i l  s p r i n g s  
R e a r  S r f  7 c n s i o n  - Live a x l e  l o c a t e d  by r a d i u s  r o d s  and panhard 
r o d ,  c o i l  s p r i n g s .  
S t e e r i n g  - R e c i r c .  b a l l  and r o l l e r ,  power a s s i s t e d  
B r a k e s  - H y d r a u l i c a l l y  a s s i s t e d . ( h y d r o b o o s t )  
F r o n t  - Disc  11.03" D I A .  Vented r o t o r  
R e a r  - Drum 10" 
Wheels  - 365 x 165  - Composite 
T i r e s  - P205175R14 
4 ,  Body and S t r u c t u r e  
C o n s t r u c t i o n  - S e p a r a t e  frame and body. 
M a t e r i a l s  - S t e e l  s t r u c t u r e ,  aluminum and p l a s t i c  f r o n t  
and i n c l u d i n g  f enders ,  hood, 
bumper systems, p las t i c  deck l i d  
and p las t i c  door outerr. O t h ~ r  
skin rancls s t e e l .  
ryrtem controller are located under the rear reat, along with o fuel 
tank of about 40 litrer capacity. The nickel-iron battery is located 
jurt aft of the rear axle. Thir reducer the trunk capacity by about 
3 3 3 
.07 m , from .66 m down to .59 m . This i u  close enough for practi- 
cal purporsr to our recommended specification of .6 m3, and well in 
3 excera of the minimum requirement of .5 m . 
Dsrcription of the design for the varioua vehicle mubrystemr 
ir given in rubrequent rectionr. 
5.2 Propulrton Syrtem 
5.2.1 System Deecription 
A block diagram of the NTHV propulsion system is shown in 
Figure 5-1. It utilizes a 53 kw VW gasolinl+ engine which drives 
through a hydraulically actuated clutch. This clutch, in conjunction 
with an ignition on/off switch and the throttle valve, is the means 
for starting the heat engine and bringing it on line when it is re- 
quired and disengaging it when it is not. The clutch output is 
coupled to one end of the output shaft of a transfer case; the other 
end of the trarhsfer case output shaft drives the torque converter, 
The input shaft of the transfer case is driven by the electric motor, 
and the transfer case input and output shafts are coupled by a HY-VO 
chain and sprockets with a 1:l ratio. The transfer case, thus, serves 
as a summing junction for the heat engine and electric motor output 
torques. 
The electrJ,- motor is thus always coupled to the torque conver- 
ter input, and the heat engine also drives the torque converter input 

when i t  is required .  The torque converter  is of the  lockup v a r i e t y ;  
i t  d r i v e s  a four-speed overdrive automatic transmiesioa which i s  of 
c o ~ ~ v e n t i o n a l  design,  except f o r  t h e  mcrdificatione and ' n t e r f a c e  hard- 
ware reqgired t o  accept  ex te rna l  s h i f t  commands from t h e  system 
-eat : x! c o n t r o l l e r .  
'he e l e c t r i c  motor is of t h e  separa te ly  exci ted  type,  with a 
peak povcr r a t i n g  of 27 kw when used i n  conjunction with a 120 V 
nickel- iron b a t t e r y  pack. A r a t i n g  of 30 kw is  required f o r  t h e  
heavier  lead-acid system. Below base speed, motor speed and torque 
a r e  control led  by a t r a n u i s t o r  armature chopper. This chopper i s  
used only a t  very  low veh ic le  speeds, i n  f i r s t  gear. Under these  
coxrditions, maximum motor power i s  not required  f o r  adequate perfor-  
mance: consequently, t h e  armature chopper is ra ted  a t  only about 50% 
of t h e  peak motor r a t i n g .  Over most of t h e  d r iv ing  speed range, 
motor speed and torque con t ro l  i s  by f i e l d  weakening, u t i l i z i n g  a 
t r a n s i s t o r  chopper. 
Input power t o  t h e  motor comes from t h e  main propulsion b a t t e r y .  
Based on the  p r e s e n t l y  a v a i l a b l e  da ta ,  t h e  preferred  b a t t e r y  system 
is nickel- iron.  However, a lead-acid b a t t e r y  system w i l l  be c a r r i e d  
along i n  the  development program :is a backup u n t i l  such time a s  an 
evaluat ion can be made,based on tt:zt da ta ,o f  the  performance of these  
two ba t t e ry  systems under opera t ing condi t ions  represen ta t ive  of the  
hybrid vehic le .  
The c e n t r a l  c o n t r o l l e r ,  lncorporfi::ing a microprocessor, i s  the  
key t o  e f f i c i e n t  opera t ion of the  hybrid system. Its inpu t s  a r e  the  
d r i v e r ' s  input  to the  acce le ra to r  and brake pedals ,  together  wi th  
infcrnnation on the current operating conditione of the major system 
components. It processes this information to determine how the system 
power demand should be split up between the heat engine and electric 
motor, and tranelates this data into command signals for the devices 
which control heat engine and electric motor. These control devices 
include the ignition on/off relay, throttle valve, and clutch actua- 
tion valve for the heat engine, and a field chopper and armature chop-. 
per for the electric motor. In addition, the central controller 
determines whether or not the transmission should be shifted to meet 
the system pow= dema~d most efficiently. While the vehicle is being 
recharged from the wall plug, the central controller may also be used 
to control the battery charger. 
The input signals to the central controller include accelerator 
+ pedal position (x ) , brake pedal position , vehicle speed (N2) , 
torque converter input (or motor output) speed (N ), battery voltage 1 
(V , battery current (I , battery temperature (TB), an? heat engine B B 
temperature (TE). Other system variables which may be required by 
the central controller are motor armature current (IA) , heat engine 
manifold vacuum ( P Y f > ,  m d  motor temperature (TNo). All these are ' 
indicated as inputs in Figure 5-1 , although some may be determined 
to be unnecessary in the course of system development. 
The power supply for the micropr~~\!ssor and logic portions of 
the two choppers is an accessory battery which is a normal automotive 
12 V battery whose charge is maintained by a DC/DC converter operat- 
ing off the main battery pack. The accessory battery also supplies 
the ignition, lights, radio, and power accessories such as windows 
and seatn. Because the propulsion battery state-of-charga is always 
maintained above a minimum level, there is always power available to 
keep the accessory battery charged; conoequently, the usual engine- 
driven alternator ia deleted. For the same reasons, the electric 
drive motor i3 nlao always available to start the heat engine; conse- 
quently, the usual 12 V starter motor is also deleted. 
The only mechanicall::, driven accessories are the air conditiorr- 
l n g  compressor and power steering pump (not shown in Figure 5-1). 
The power steering pump also supplies the hydraulic assist unit for 
the brakes (Hydroboost), and hydraulic supply for clutch actuation. 
The compressor and pump are driven off the input to the transfer case 
(motor output). 
5.2.2 System Controller 
Basic Control Strategy 
The final version of the control strategy developed for the 
NTHV incorporates two operating modes, like the strategy discussed 
in Section 4, Design Tradeoff Studies. It differs from the earlier 
strategy primarily ir the use of a more sophisticated, r P  controlled 
transmission shift strategy, incorporation of a warm up phase, and 
further optimization of the control parameters. The two operating 
modes are, of course, distinguished by whether or not a net withdraw- 
al of stored energy is allows. On Mode 1 ,  such a withdrawal is made; 
on Mode 2, it is not. 
The specifics qf what hdppens on these two modes, and how a 
combination of effective utilization of battery energy and highly 
efficient fuel utilization is obtained, are explained in detail in 
Sec t ion  4 . 1 . 2  of Appendix C t o  t h i s  r e p o r t .  B r i a f l y ,  t h e  s t r a t e g y  
is ae follows: 
Mode 1 ( b a t t e r y  discharged less than t h e  d i scharge  l i m i t ,  
D~wa ) - The hea t  engine is shu t  o f f  unleas  a t  l e a s t  one of 
t h r e e  condi t ions  is s a t i s f i e d :  
( a )  Torque demand i s  above a va lue ,  T~~~~~ * which pu t s  the  
hea t  engine c l o s e  t o  i ts  m i n i m u m  bs fc .  
(b)  Power demand i s  above a va lue ,  PNOM, which is  chosen 
c l o s e  enough t o  the  motor's nominal r a t i n g  t o  prevent 
excess ive  motor load and b a t t e r y  d r a i n ,  
(c)  Vehicle speed i s  above a va lue ,  VW, which is chosen 
low enough t o  prevent sus ta ined  high b a t t e r y  d ischarge  
r a t e s  under highway c r u i s e  condi t ions .  
When t h e  h e a t  engine i s  shut  o f f ,  t he  e l e c t r i c  d r i v e  sub- 
system meets t h e  system power demand. I f  the  engine i s  
opera t ing ,  i t  is  operated a s  c l o s e  t o  TEOMIN a s  poss ib le .  
Thus, i f  t h e  torque corresponding t o  t h e  system power demand 
is less than TEOMIN, the  engine meets the  demand and the  
e l e c t r i c  motor i d l e s .  I f  i t  exceeds TEOMIN by an amount 
which is less than t h e  a v a i l a b l e  torque of the  e l e c t r i c  
motor, then the  heat  engine opera tes  a t  TEOMIN, and t h e  
e l e c t r i c  motor makes up the  d i f f e r e n c e  between TEoMIN and 
t h e  system demand. F ina l ly ,  i f  t h e  system torque demand 
exceeds TEmIN by an  amount which i s  more than t h e  a v a i l a b l e  
motor torque, the  motor is operated a t  i ts  maximum and the  
h e a t  engine makes up the  d i f f e r e n c e .  
Mode 2 (battery discharged to or beyond the discharge limit) - 
The heat engine rune unleee the system torque demand is 
below a threshold level TEOHINZ, which is selected to pro- 
vide reasonably low bsfc; however, it is considerably lower 
than TEmm, Unless the torque demand exceeds the available 
engine torque, the motor either idles or operates as genera- 
tor to reduce the discharge level to DBW if the batteries 
have been discharged beyond DBw. If the torque demand 
exceeds the available engine torque, the heat engine operates 
at its maximum and the motor makes up the difference. 
A series of computer runs using the HYBRID2 computer program 
(updated and modified from the version used in the Design Tradeoff 
Studies, as described in Section 2.2.1 of Appendix C) was carried out 
to optimize these various control parameters. The set of values 
finally selected was 
60 N-M 
72 kph 
20 N-M 
The remaining control parameter, Dm, does not have a clear- 
cut optimum value. Fuel economy improves as DBMAX increases; however, 
the Design Ttadeoff Studies showed that the decrease in battery life 
associated with operation to high depths of discharge outweighs, from 
a cost standpoint, the fuel economy gain. D~~~~ must also be chosen 
so that the battery has enough capacity left to allow the vehicle to 
meet the gradeability requirements (see Sgction 3.3.2 of this report), 
when the initial atate of charge corrasponds to D BMAX' ad it would if 
the vehicle had been operating for a considerable distance. Based on 
these considerations, it wag concluded that a value of DBM in the 
.6 to .7 range would be euitable for nickel-iron batteries; we cannot 
get any more precise than thie at this point because the variation in 
life with depth of discharge of nickel-iron batteries is not well de- 
fined at thie time. For lead-acid batteries, a value of about 0.6 
for Dm appears to be suitable. 
With nickel-iron batteries, the computer simulation results 
indicate an in-use fuel economy of 16.9 to 17.6 km/l (39.7 to 41.4 mpg), 
depending on the value of DBU used within the .6 to .7 range. The 
corresponding values of wall plug energy consumption were in the ,177 
to .187 kw-hr/km range. These numbers must be hedged with various 
caveats, relating to uncertainties i.n battery characteristics, warmup 
requirements, relationshipe between real world usage and the driving 
cycles with respect to which the optimization was done, c.nd so forth, 
some of which will now be discussed. 
Control Strategy Modifications 
Mode 1 operation, with its frequent startups and shutdowns, may 
be unsatisfactory for a cold engine under mild ambients, and will 
certainly be unsatisfactory in cold ambients where output is needed 
quickly from the heater and defroster. At a minimum, it can be as- 
sumed that the system would operate on Mode 2 until the engine tem- 
perature reaches a minimum value, since Mode 2 operation involves a 
fairly high average heat engine load and, hence, would provide rapid 
warmup. It is estimated that such additional Mode 2 operation for 
warmup would result in a ].our of about 2.5% in average fual economy 
for every S km of average daily warmup distance driven on Mode 2. 
In extremely cold ambients, particularly if the temperature of 
the propulrion battery ha6 been allowed to drop excersively, using 
Mode 2 for wamup may be insufficient; and it may be necessary to 
operate the heat engine conti.~uaily. The extent to which this may 
be necessary will have to be determined experimentally. 
Backup Control Strateny 
The factar which introduces the greatest uncertainty in whether 
or not the fual economy estimates provided by the computer simulation 
can, in actuality, be achieved is control of emissions. Little is 
known of the emissions of an engine operated in the fashion defined 
by the basic control strategy; this is discussed further in Section 6. 
This being the case, it would be well in developing the hybrid pro- 
pulsion system to have a backup control strategy available which 
involves fewer heat engine startups and shutdowns. Such a strategy 
would still shut the heat engine down during idle and braking periods; 
however, it would be running at all other times. Consequently, the 
transition speed Vw would no longer be used as a control parameter, 
and a new parameter T EOMN 1 is required. This is the minimum torque 
output which is permitted for the heat engine. For system torque 
demands below TEwl, the heat engine operates at T EOMN 1 ; and the 
excess torque developed is absorbed by the motor, which charges the 
batteries. This applies for both Mode 1 and Mode 2 operation. On 
Mode 1, if the demand is between TEml and TEOMIN, then the motor 
idles and the heat engine meets the total demand. For demands above 
T ~ o ~ ~ ~  (o' 'NOH 1, Mode 1 operation is identical to that described 
previourly. Likeeea, for demand. above TEOmI, Mode 2 operation is 
identical to that dorcribed previously. 
The effect of this rtrategy is to raduce the fuel economy and 
the wall plug energy consumption. For example, for DgNICl - .6, the 
fuel economy with nickel-iron batteries waa reduced by 32% from that 
attained with the basic control strategy (although it was atill 51% 
better than the reference vehicle). The cause of this is not so much 
that the ecgina is operated less efficiently, hut that the baetery is 
depleted much less rapidly than with the basic strategy. Consequently, 
the battery discharge limit is not usually reached, and less extensive 
use is made of wall plug energy. 
hplemen ta t ion 
To implement the basic control strategy, the system controller 
must be based on a microprocessor ( U P )  in order to perform all the 
required functions economically. The factors considered in selecting 
a UP around which to build the system controller include the follow- 
ing : 
- Manufacturing technology 
- Environmental considerations 
- Execution speed 
- Architecture 
- Instruction set 
- Addressing modes 
- Microprocessor development system 
A dircurrion of these factor8 will be found in Section 4 . 1 . 2  of 
Appendix C. Three primrry candidatem were isolated from the field of 
available microprocerrorr, bared on an evaluation of these factors. 
They are: 
1. Signeticr 2650A 
2. Motorola 6802 
3. Zilog 280 
All of these are fabricated using N channel MOS technology. 
The implementation in software of the basic control strategy discussed 
previouely, input and output interfacea, sensor requirements, control 
algorftluns for the heat engine, motor and transmission, and other 
aspects of the system controller, are discussed in detail in Section 
4.1.2 of Appendix C. 
5.2.3 H e ~ t  Engine and Controls 
The basic choice f c c  the heat engine is tho VW r1.5 1, four cyl- 
inder gasoline engine as used in the Rabbit. In 49-state form, this 
engine delivers 53.3 kw at 5800 RPM, with a peak torque of 99 N-M at 
3500 RPM. It is a fuel-injected engine, and this offers the potential 
for fuel control during the engine startup and shutdown transients. 
However, availability of hardware to facilitate changes in engine 
calibration may dictate the use of an alternative engine whose fuel 
and electrical systems have been developed by a U. S. manufacturer 
and use components from U. S. suppliers. Such an alternative is the 
Omni/Horizon engine. This is a 1.7 1, longer stroke version of the 
W engine which delivers 50 kw ac 5200 RPM, with a peak torque of 
110 N-M at 2800 RPM. It uses a Holley 2 barrel carburetor; ignition 
8yrt.m ir by Errex or Prertolite. Dimenrionally, the basic engine is 
externally identical to the Rabbit engine except for manifolding and 
the fuel dirtribution ryrtaa. The potential difficulty with this 
engine ir the inability LL introduce control over fuel flow during 
rtartup and shutdown tranrientr. Conrequently, the choice between 
there two engines will be baued on where the amirsions problems are, 
and this will require Phare 2 testing to determine. 
Because of the unknowns involving miasiono characteristics, 
we are not in a porition at this point in time to define precisely 
the angina fuel, spark, and emissions controls to be used on the NTHV 
engine. The alternativaa for fuel control with the injected Rabbit 
engine include the following: 
1) Unmodified (mechanical control of fuel metering from air 
flow sensor). 
2) Same as (1) with separate solenoid valves at each injector 
to provide fuel shutoff during startup and shutdown tran- 
sients. 
3), 4) Same as (1) and (2 ) ,  respectively, but with fuel metering 
controlled by a uP based on signals from an air flow 
sensor and/or exhaust oxygen sensor. 
Alternatives for fuel control of the carbureted Omni/Horizon 
engine are similar to (1) and (3) above. Likewise, alternatives 
for cont,rol of spark advance and ECR rate for either engine may be 
based on the existing engine controls or may utilize the system r P .  
Engine startup is accomplished by engaging a clutch between the 
engine and transfer case, as indicated in the system schematic (Fig. 5-1). 
Thir  is a normal p l a t e  and d i r c  automotive c l u t  ,!t., actuated  hydrauli-  
ca l ly .  The r a t e  a t  which t h e  engine can be b r c ~ g h t  up t o  speed and 
power i r  a c r i t i c a l  f a c t o r  i n  the  d r i v e a b i l i t y  of t k ~  veh ic le .  The 
engine murt gut  up t o  speed and develop power f a r t  enough t o  provide 
a rearonable approximation t o  t h e  t h r o t t l e  reaporme of l conventional  
vehicla.  I n  o rde r  t o  understand t h e  r e l a t i v e  importance of var ious  
f a c t o r s  i n  t h i r  r t a r t u p  process,  8 parametric  s tudy war made using 
two r imula t ion  programs, VSYS and VSYS2, dercr ibad i n  Appendix C. 
Th i r  r tudy i r  dercr ibed i n  d e t a i l  i n  Section 4 .1 .3  of Appendix C. 
The p r i n c i p a l  conclusions which were drawn were the  fo l lovfng:  
- Engine i n e r t i a  si,:~l d  be minimized. A p r a c t i c a l  lower l i m i t  
t o  t h i s  i n e r t i a  w i l l  be s e t  by the  i n e r t i a  of the  crank,  con 
rods ,  pistons, ,  etc., combined with the  i n e r t i a  of t h e  c l u t c h  
p l a t e .  Mos? of t h e  engine flywheel,  which i s  i n t e g r a l  with 
t h e  c l u t c l ~  p l a t e ,  should be c u t  back t o  minimize t h e  flywheel 
moment of i n e r t i a  (nonnally an order  of magnitude higher  than 
t h a t  of t h e  it . tenra1 engine p a r t s ) .  Once t h e  c l u t c h  i s  en- 
gaged, t h e  engine w i l l  have p lenty  of flywheel s i n c e  i t  i s  
coupled t o  the  motor and the  torque conver ter  pump. Another 
cons ide ra t ion  involves the  dynamic loads  on t h e  engine/motot 
coupling chain.  I n  the  f i n a l  design s t age ,  a c a r e f u l  dyna- 
m i c  a n a l y s i s  w i l l  have t o  be done t o  s e e  how much flywheel 
has  t o  be re t a ined  a t  the  engine t o  avoid severe  load excur- 
s i o n s  i n  t h i s  chain.  
- With the  engine i n e r t i a  c u t  back t o  about 50% of nominal, i t  
should be poss ib le  t o  achieve c l u t c h  engagement and engine 
rtartup timer on the order of . 3 - . 4  sac. without exceeding 
the limiting motor torque (160 N-M tor the Sismcna motor). 
Under there conditionr, the clutch should be sized to handle 
a dynamic load of about 150 N-M. Clutch engngemvnt rate 
would be about 400 N-M/rec. 
- It would be highly advantageous from a driveability stand- 
point to have the torque converter active when engine start- 
up occurs, due to the much lower effect on the vehicle as 
compared to the case in which the torque converter is locked 
up. Thus, if the torque converter is locked up when engine 
startup is called for, it would be desirable to release the 
torque converter lockup clutch and then re-engage after the 
engine startup is complete. Whether all this action can L: 
squeezed into a time span of something less than . 5  sec. 
will have to be determined experimentally. 
5 . 2 . 4  Motor and Motor Controls 
Motor 
l'ko motor selected for the NTHV is the Siemens lGVl separately 
excited machine. It was originally designcd for application in an 
electric version of the VW transporter, with a nominal 1 4 4  V battery 
pack. The design canter of the motor is 1 3 0  V, at which voltage its 
nominal (1 hr) rating is 17 kw and its peak 3 3 . 5  kw. SCT has used 
this motor with great success in its electric conversion of the VW 
Rabbit. In that application, a nominal 108 V ba,tery pack is used, 
and the peak motor power is limited to about 2 4  kw by current limit- 
ing. In the hybrid, the motor will be used with a nominal 120 V 
battery pack; to achieve the maximum power of 27 kv required with the 
nickel-iron hatterier, about the same current limit will be re:uired 
ar is ured in the SCT Electric (300 A). An approximately 10% higher 
limit will be required with the lead-acid battery pack. These limits 
ore conrirtent with the motor's maximum current rating of 320 A. 
Detail on the motor's parfortnance characteristics will be found in 
Section 4.1.4 of Appendix C. 
Armature Chopper 
- 
The chooyer must supply an armature current of up to 140 A to 
accelerate the vehicle until the motor reaches base speed. With the 
Siemens motor, which has an armature inductance of approximately 
,8  MH, it is necessary to uee a chopping frequency of approximately 
10 HHZ to keep ripple down to on acceptable level without the use cf 
an additional inductor. 
Switching transistors capable of operating at 10 KTIZ and 150 
amps are not common; but in recent months, several manufacturers have 
introduced new transistors capable of very high current ope~ttion. 
Several of these are large enough to be used in a sin,le transistor 
output configuration, which would elininate the need fnr emitter bal- 
ancing resistorrj or other balancing ,ac.ilniques which either waste 
power or force compromises in the design. 
However, these transistors are still considered developmental 
devices; and their suitability for a particular application must be 
tested. The final chopper design and transistor selection will be 
determined only after testing the various devices in circuits such 
as those of Figures 5-2 and 5-3. Figure 5-2 shows the simplification 
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which occurs  when only  a s i n g l e  output  t r a n s i s t o r  is  required;  
Figure 5-3, on the  o t h e r  hand, shows a p a r a l l e l e d  output  s t age ,  
using a Dar l ington conf igura t ion .  
Addi t ional  d iacuseion oE design aspec t s  of t h e  armature chop- 
p e r  w i l l  be found i n  Section 4.1.4 of Appendix C. 
F ie ld  Chopper 
The f i e l d  chopper power s e c t i o n  w i l l  be very  s i m i l a r  t o  the  
one used on t h e  E l e c t r i c  by SCT, and t h e  b a s i c  des ign i s  i l l u s t r a t e d  
i n  Figure 5-4, Pulse  width modulation c o n t r o l  s i g n a l s  w i l l  be gener- 
a t e d  by t h e  microprocessor. The chopper frequency w i l l  be se lec ted  
8.) t ha t  induced annature  cu r ren t  r i p p l e  is  minimized. Experience has 
shown t h a t  a frequency i n  t h e  range of 25 t o  100 Hz would accomplish 
t h i s .  This  l o w  a frequency i s  p o s s i b l e  s i n c e  t h e  f i e l d  inductance is  
high,  on t h e  o rde r  of 1.5 H. One t r a n s i s t o r  i s  used i n  t h e  output  
s t a g e ,  a Ker t ron U675, which i s  gain r a t e d  a t  15  A wi th  a 200-volt 
breakdown r a t i n g .  The f i e l d  winding r e s i s t a n c e  is  on t h e  o r d e r  of 
1 0 n  ; s o  t h i s  s i n g l e  device is  w e l l  s u i t e d  f o r  t h i s  a p p l i c a t i o n .  
SCT's p resen t  c o n t r o l l e r  uses t h r e e  2N6259 t r a n s i s t o r s  i n  p a r a l l e l  
f o r ' t h i s  purpose because the  U675 o r  a s i m i l a r  device  was no t  ava i l -  
a b l e  a t  t h e  time of t h a t  c o n t r o l l e r ' s  development. 
5.2.5 B a t t e r i e s  and Battery Charger 
B a t t e r i e s  
A s  an  i n t r o d u c t i o n  t o  t h i s  s e c t i o n ,  i t  appears worthwhile t o  
mention t h a t  a l l  t h e  design and development work on the  near  term, 
o r  improved s ta te-of- the-ar t  (ISOA), b a t t e r i e s  has  been c a r r i e d  out 
f o r  c e l l  and b a t t e r y  conf igura t ions  t a i l o r e d  t o  pure e l e c t r i c  v e h i c l e s .  

Nothing of substance (lee., something built and tested) has been done 
relative to the hybrid application. Moreover, the different states 
of development of the three near term battery types are such that no 
hard conclusions can be drawn yet as to which wot 1 be best for the 
electric vehicle application in the mid-80's. If this were possible, 
then there would not be any reason for ANL to continue to pursue 
multiple lines of battery development. Consequently, it is very 
clear that there is no clean, demonstrably accurate method for se- 
lecting thu 'best' battery for the hybrid application. The best that 
can be done is examine the status of the three battery systems rela- 
tive to the ANL goals, together with their performance in the hybrid 
system, assuming these goals are attained, and make a judgment as to 
which system or systems to work with within the constraints of the 
NTHV program. 
As discussed in the Design Tradeoff Studies section (Section 4) 
of this report, such an examination leads one to the conclusion that 
the nickel-iron system has the highest overall potential because of a 
good combination of relatively high specific energy and specific 
power and a low costllife quotient, with lead-acid and nickel-zinc a 
fairly close second and a distant third, respectively. However, it 
must be recognized that the nickel-iron system has not had the same 
amount of development applied to it as the other systems; and, conse- 
quently, there are more unknown areas. 
Consequently, we have selected as a preferred system a nickel- 
iron system designed by Eagle-Picher, with a lead-acid system by ESB 
as a backup. 
1. Nickel-iron Battery. This battery pack is comprised of 
102 cells of the aame height (264 mm) and width (178 mu) as thoee 
baing developed by Eagle-Picher for ANL on the Improved State-of- 
the-Art Battery Program. The cell thickness is reduced to 28 mm to 
gat the required number of cells to provide a nominal 120 V battery 
at the relatively low weight of approximately 270-280 kg. The cells 
are arranged in three rows of 34 cells each, with the overall pack- 
age fitting behind the vehicle's rear axle. Having all the cells in 
a single package like this simplifies the problems of thermal manage- 
ment and ventilation. Specific energy at the C l 3  rate is projected 
to be about 54 wlkg. 
The Eagle-Picher design utilizes the iron electrode technology 
developed by the Swedish National Development. This is a relatively 
low gassing electrode which obviates one of the historical disadvan- 
tages of the nickel-iron system and provides a relatively low mainte- 
nance battery. Batteries which would be provided initially in the 
Phase 11 program would require nomal service, with the goal of pro- 
viding a reliable, single point watering system eventually. Single 
point watering would, of course, be a necessity on a production 
vehicle. 
2. Lead-acid Battery. The lead-acid battery is comprised of 
ten 12 V modules to be designed and developed by ESB. Module dimen- 
sions are 31.8 cm high x 17.9 cm wide x 27.4 cm long, and the total 
battery weight is estimated at 341 kg, or 71 kg more than the nickel- 
iron system. This module size does not correspond to the case size 
on any existing production battery, and new case tooling would be 
required. Battery performonce characteristics would be skoilar to 
the XPV-23 (EV 130). adjusted for size, weight, etc. The energy 
denoity ir ertimatad at 36.1 w-hr/kg, which correspond8 to a usable 
energy at the three hour rate of 12.3 kw-hr. As in the case of the 
nickel-iron syrtem, normal maintenanca would be required on test- 
and-development batterice; eventually, however a single point water- 
ing system would be required. With this module configuration, the 
lead-acid battery can be accomodated in essentially the same overall 
package as the nickel-iron battery. 
Additional discussion of design aspects of both battery types 
will be found tn Section 4.1.5 of Appendix C. 
Battery Charger 
A transistor switching, series inductor type charger was chosen 
over other alternatives (f~rroresonant and SCR switching, serits 
inductor) because of its reduced size and weight, made possible by 
the high switching frequencies of the transistor chopper and conse- 
quent small inductor size. 
The following features were designed into the charger: 
- 20/30 amp line select 
- 115/230 volt operation 
- Current cutback at gassing point 
- Automatic shutdown at voltage 
- Automatic startup 
- Equalize mode (finish and 24-hour trickle) 
- Blower air flow interlock 
- Thermal shutdown for high heatsink temperature 
Detail on the charger circuit design will be found in Section 
4.1.5 of Appendix C to this report, Circuit efficiency is axpected 
to be about 92% with 115 volt input, and 94% wlth 230 volt input. 
All components could be mounted in a box approximately 11 x 14 x 7 
weighing approximately 15 pounds. 
5.2.6 ~ransmission and Rear Axle 
Tranmieeion 
The transmission for the NTHV is a four-speed overdrive automa- 
tic transmission wlth torque converter lockup on the top two gears. 
Originally, we were looking for lockup on the top three gears; how- 
ever, deleting the second gear lockup had very little effect on fuel 
economy (about 1 3 ,  so it was dropped from the requirements. The 
epecifications developed for transmission are shown in Table 5-2. 
Unfortunately, there is no production transmission which meets pre- 
cisely the specifications needed for this transmission. The three 
producthn transmissions which come closest are the following: 
- Chrysler A904 Torqueflite, as used on the 3.7 1 ~spen/ 
Volare model. Thfs is a 3-speed transmission with lockup 
on third. The gear ratios are identical to those specified 
in Table 5-2, but it lacks the overdrive fourth gear. 
- Ford FlOD. This is a h-speed overdrive transmission which 
will become available as an option on 1980 Ford products 
with 5 liter and 5.8 liter engines. It has full lockup in 
overdrive and a split torque path in direct third in which 
only 40% of the engine torque flows through the torque con- 
verter. The speed range and torque converter size of this 
transmission are unsuited to the hybrid. 
TABLE 5-2 
NTHV TRANSMISSION SPECIFICATIONS 
Reverse 2+ 
Input Speed Range : 0-6030 RPM 
Input Torque Range: 0-220 N-M 
Lockup Provisions: 3rd and 4 th  gears,  minim\nn 
S ta l l  Torque Ratio: 2 . 1  
Normal Torque Converter Dia. 276 ~ r m .  
- Toyota A40D. Thio ir a 4-rpead overdrive with the right 
ratior, except for the overdrive 4th which is a little low 
( - 6 9  vr. .75) ,  and tha right speed range (0-6000 RPM). 
Uafortunately, itr torque converter lack* a lockup capabil- 
ity. 
Unlera Toyota introducer a lockup torque converter within the 
time frame of the Phare I1 program, the moat practical approach la to 
use the Chryrler A904 thraa speed in conjunction with an electrically 
controlled overdriva. This would provide an acceptable simulation of 
the optimum transmiruion characteristics at reasonable cost, without 
turning the Phase 11 NTHV Program into a transmission development 
program. 
A further discussion of the design modifications required for 
the transmission will be found in Section 5.2.6 of Appendix C. 
Rear Axle 
The rear axle needed for the hybrid is also non-standard. The 
standard LTD axle ratio is 2.26; the hybrid requires something on the 
order of 5.12. Consequently, a custm ring and pinion set will be 
needed. 
5.3 Chassis Systems 
Brakes 
The major modifications required to the braking system of the 
current production LTD are the use of a hydraulic assist instead of 
vacuum assist at the master cylinder, and modifications to either the 
rear wheel cylinder size or the valve which governs front-to-rear 
brake effort proportioning to accommodate the larger rear weight bias 
l e a s t  670 kg (1473 l b s )  per  wheel; t h i s  is  t h e  r e a r  wheel loading a t  
of  the  hybrid.  It should be noted t h a t  tha r e g e n r r a t i v e  brakinq 
provided by t h e  motor, which i r  app l i ed  a t  t h e  r e a r  wheelr r ince  t h e  
d r i v e  layout  i s  r e a r  wheel d r i v e ,  automat ica l ly  compensater t o  rome 
e x t e n t  f o r  t h e  rearward weight b ias .  Cbonraquently, t h e  change i n  
hydraul ic  proport ionfng w i l l  be lerr than would be expected r o l e l y  
on the  b a r i r  of t h e  change i n  m i g h t  d i s t r i b u t i o n .  The hydraulic  
arrirt u n i t  i r  t h e  Hydroboort ryrtem by Brndix, which had been ured 
on l a r g e  Ford and Mercury8 p r i o r  t o  downsizing, and i r  i n  current  
u r e  on d i e r e 1  powered GM products .  
The weight increase of the  hybrid over t h e  p re ren t  LTD is only 
about 156 kg, d i s t r i b u t e d  -67 kg f r o n t  and +222 kg r e a r .  The r e l a -  
t i v e l y  smal l  increase ,  coupled with t h e  presence of regenera t ive  
braking, makes physica l  inc reases  i n  t h e  s i z e  o f  the  brakes unnecea- 
sary .  The s tock  LTD f r o n t  d i s c ,  rear drum system is re ta ined  wi th  
s l i g h t l y  h igher  l i n e  p ressure ,  o r  l a r g e r  diameter  wheel cy l inders  
f o r  the  r e a r  brakes. 
Suspension 
The s i t u a t i o n  with t h e  suapension is a i in i l a r  t o  t h e  brakes. 
No modificat ion is  requi red  t o  the  f r o n t  suspension,  while a t  the  
r e a r ,  h igher  r a t e  (by about 20%) s p r i n g s  and heav ie r  duty shocks wi l l  
s u f f i c e .  Because of the  low CC of t h e  added b a t t e r y  mass i n  the  
r e a r  and t h e  high r e a r  suspension r o l l  c e n t e r ,  i t  is  not  necessary 
t o  introduce a r e a r  a n t i - r o l l  bar .  
T i r e s  and Wheels 
The hybrid r e q u i r e s  tires and wheels wi th  a load r a t i n g  of a t  
the ~uxi.rnum payload of 520 kg. (Total m a r  at maw payload ir 2381 kg 
distributed 43.8% front, 56.2% rear.) The current rtandard tirer on 
tho LTD are Firertone 721 rteel belted radialr, size FR78-14. Thir 
tire has a m u c i w n n  load rating of 1500 lbr at 32 pri inflation prer- 
rure, ao it would be adequate for the job. An advanced verrion of 
thir tire wfll be utiliead to attain lower rolling rerirtance. 
The current OEM Ford wheel ir a 14" diameter, 5.5" wide rteel 
wheel, weighing 19.0 lbr uach. The wheel material ir .I335 hot rolled 
low carbon rteel. Thir wfll be replaced by a molded composite wheel 
weighing approximately 11 lbr. Currently there are three major rup- 
plierr developing comporita wheels: Firertone, Owens Corning, and 
Motor Wheel Corporation. All three are report4ng excellent rarultr. 
There composite wheels provide a high payoff in terms of both over- 
a11 weight reduction and reduction of unsprung mare, which is Impor- 
tant from a ride and handling aspect. Further diecursion will be 
found in Section 4.2.3 of Appendix C. 
5 . 4  Body 
The prrmssed SCT hybrid vehicle is predicated on the use of a 
high volume six-passenger vehicle as both the reference vehicle and 
as the actual hardware basis for the design and build of the hybrid. 
The Ford LTD was selected as being representative of a weight 
efficient down-sized full-size car. This car will undergo some de- 
sign changes and resultant weight reductions between now and the 
1981-2 model year when the NTHV deliverable prototypes would be 
built. The hybrid vehicle requires certain modifications being made 
to pack.,- the new propulrion ryrtem and itr arrociated batteries, 
controller, ~ n d  charger. In addition, it incorporates other limited, 
coot effective changer to reduce aerodynamic drag and to reduce ve- 
hicle weight to be more representative of the anticipated weight of 
the 1985 model year reference vehicle. 
The body components that wlll be changed from the production 
LTD are in four groupr. Theme are: 1) The vehicle front end which 
conrirtr of the bumper ryrtem, hood, and fenders; 2) rear end changes 
conristing of the decklid and rear bumper system; 3) other surface 
panel changer to reduce weight ruch as door outer panels; and 
I )  changer related to packaging batteries and propulsion system com- 
ponm t r . 
An analysis of material properties has been conducted by SCT 
and Sheller-Globe, who will be responsible in Phase I1 for the body 
detailed design, prototype tooling, and prototype parts. Material 
selections were based on an analysis of structural and other special 
vehicle requirements, and represent the direction most likely to be 
followed by the major U. S. auto manufacturers for the 1985 model 
year. 
Structurally, all materials selected provide components that 
are the functional equivalent of their current steel counterparts. 
As shown in Table 5-3, extensive use will be made of plastic 
components for exterior surface parts of the car. The one exception 
is the hood, in which an aluminum outer panel would be used to pre- 
clude problems that may be encountered with n plastic hood exposed 
to high engine compartment temperatures. Xodifications to the floor, 
Ta
bl
e 
5-
3 
M
AT
ER
IA
L 
SU
BS
TI
TU
TI
O
N
 H
YB
RI
D 
PR
O(;
RA
H 
-
 
i $ 
PA
RT
 
b F
RO
NT
 
HO
OD
 
FR
ON
T 
OU
TE
R 
Rl
Rf
FE
R 
FE
ND
ER
 L
.H
. 
SK
IN
 
FR
ON
T 
FE
ND
ER
 R
. ta
 .
 
1 O
UT
ER
 S
K
ItI
 
I R
EA
R 
W
HE
EL
 
HO
US
E 
IN
NE
R 
1 
OU
TE
R 
R 
6,
 
L 
j R
EA
R 
DE
CK
 
I I
III
IE
R 
b 
OU
TE
R 
1 
FR
ON
T 
DO
OP
. 
R 
6 
I, 
RE
AR
 
IK
JO
R 
R 
6 
I, 
EX
IS
TI
N
G
 
M
AT
ER
IA
L 
ST
EE
L 
ST
EE
L 
ST
EE
L 
ST
EE
L 
ST
EE
L 
ST
EE
L 
ST
EE
L 
ST
EE
L 
ST
EE
L 
54
 A
SS
Y.
 
-
02
8 
18
.5
 
18
.5
 
50
.0
 
# 
43
.0
 
64
.7
50
 A
SS
" 
12
.5
 E
AC
II 
8.
0 
U
Q
1 
I 
Sl
lR
ST
J T
U
TI
O
tI 
MA
TE
RI
AL
 
PO
LY
PR
OP
AL
FB
E 
RI
M
 U
RE
Tl
lA
NE
 
WE
IG
HT
 
PR
O
JE
CT
1 9
N 
40
.5
 
AS
SY
. 
46
. 
AS
SY
. 
9.
25
 
9.
25
 
5
E
A
R
b
L
 
2 1
.0
 
34
.7
50
 A
SS
Y 
7.
5j
SK
IN
 
5 .
O/
SK
IN
 
-
 
30
.0
 
R 
SK
IN
 O
N1
 
10
 P
ER
 P
A
IR
 
6 
PE
R 
PA
IR
 
CO
H(
EH
TS
 
C A
 
I P
OT
EN
TI
AL
 
t3
TI
 R
E 
SO
F 
FA
R 
OR
 
SK
 
UT
ER
 
SK
IN
 
i1.
T 
I1.
Y 
TH
ZO
IS
S 
W
T. 
RE
DU
CT
IO
N 
;
 
T
ab
le
 5
-3
. 
M
AT
ER
IA
L 
SU
BS
TI
TU
TI
ON
 H
YB
RI
D 
PR
OC
RA
M
 
EX
IS
TI
N
G
 
EX
IS
TI
N
G
 
C A
 
SU
BS
TL
TU
TI
ON
 
W
EI
GH
T 
C A
 
P
~
I
A
L
 
Bl
AT
ER
IA
L 
W
EI
Gl
iT
 
TH
KN
SS
 
M
AT
ER
IA
L 
PR
O
JE
CT
lO
N
 
TH
W
SS
 
WT
. 
RE
DU
CT
IO
N 
CO
CQ
tEW
TS
 
M
OL
DE
D 
ST
RU
C.
 
ST
EE
L 
19
 .O
 
lo
 CA
. 
Pm
TI
C 
.
 
9.
0 
I 
-
 
40
 I
~S
/V
EH
. 
PI
A
ST
IC
 
~
~
O
N
T
 
SU
T 
01
1 
TR
IM
 
PN
LS
 
!.IS
 IC
N 
CO
NT
HO
LL
AB
L 
II
IE
R 
A
lIT
IC
IP
A
TE
D
 
ST
EE
L 
FI
UM
E 
ST
EZ
L 
FR
AM
E 
IT
PH
OL
S. 
L 
TR
IM
 
UP
HO
LS
. 
6 
TR
IM
 
ST
EE
L 
< 
BY
 
SC
T 
.
 
EI
G
llT
 S
AV
IN
GS
 
E3
.5
 
AS
SY
. 
33
.0
 A
SS
T 
5.
25
 
EA
 
3.
50
 E
A I 
25
.7
50
 
(FO
RD
 D
ES
IG
N 
I N
CL
UD
ES
 H
AR
DI
JA
R 
S~
IC
II
 A
S 
DO
OR
 
III
H
GE
S 
(4
) 
(3
0)
 H
IN
D(
W 
IlO
US
lN
G 
(1
0)
 F
IW
IE
 
(:llr
ZN
NE
I.S
 
(7
. 5
) 
A
,
 
GI
IT
 R
ED
UC
' 
I w
 
r
 
\D
 
I 
AN
D 
SU
SP
EN
SI
.O
N 
'IO
N 
PR
OJ
EC
TE
D 
AI
:L
E 
I 
M
IS
C.
 
M
OL
DE
D 
PL
A
S.
 
30
0.
0 
I 
53
.5
 
23
,O
 
7.
5/
PA
IR
 
5.
 O
/P
AI
R 
12
.7
5 
H
IS
C.
 
M
OL
DE
D 
PI
A
S.
 
I 
ST
RU
CT
U
RA
L 
-
 
1 MOL
DE
D 
P1
.A
S. 
-
 
P
U
ST
IC
 
ST
RU
CT
UR
AL
 
PL
A
ST
IC
 
NO
NS
TR
UC
TU
RA
L 
PL
A
ST
IC
 
-
 
-
 
-
 
I I 
14
 G
A.
 
C1
W
JC
ES
) 
30
 l
b
s 
10
 l
b
s 
3 
lb
s/
PA
IR
 
BL
OW
 
NO
LU
ED
 
PL
A
ST
IC
 
-
 
~
O
N
S
T
R
U
~
R
A
L
 
2 
I~
S/
PA
IR
 
13
 l
b
s 
PL
A
ST
IC
 
I
 
24
8.
50
 
51
.5
0 
.
 
engine, and motor mounts will use high strength steel to the maximum 
extent possible. 
A summary of the new components, together with the materials 
and weights, is given in Table 5-3. Further discussion of design 
aspects will be found in Section 4.3.1 of Appendix C,  
5.5 Vehicle System Characteristics 
This section sunnnarizea the key NTHV characteristics with 
respect to performance, fuel and energy consumption, and costs. For 
additional detail, see Section 4.4 of Appendix C .  
Acceleration, Gradeability, and Maximum Speed 
The acceleration characteristics projected for the NTHV are 
shown in Figure 5-5. These data are given for fully charged, nickel- 
iron batteries; they are also representative of acceleration perfor- 
mance with lead-acid batteries. They are computed for a test payload 
of 140 kg and without air conditioning operati.ng. The acceleration 
times can be expected to be on the order of 4% longer when operating 
on Mode 2 wlth the batteries at a discharge limit in the .6-.7 range. 
An acceleration curve for the reference vehicle is shown for the pur- 
poses of comparison. The acceleration specifications of 0-50 kph in 
6 sec., 0-90 kph in 15 sec., and 40-90 kph in 12 sec. are all met. 
Maxiinum gradeability at near zero speed is in excess of 50% 
and well in excess of the required 30%. Gradeability over extecded 
distances is summarized in Table 5-4; again, there appears to be no 
problem meeting these specifications when a battery discharge limit 
of .6 to .7 is used, for nickel-iron batteries., With lead-acid 
batteries, a discharge limit not in excess of . 5  would be used. 
Reference Vehicle 
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Table 5-4. Gradeab i l i ty  of Hybrid Vehicle with Nickel- 
I ron  Batteries 
* 
Distance Prolected (km) 
Grade Speed Spec i f i ca t ion  Nickel-Iron Lead-Acid 
-
3 90 Indef . Indef . Indef . 
5 90 20 '148 9 9 
8 85 5 7.5 6.9 
8 6 5 Indef . Indef . Indef . 
15 50 2 3 2.6 
* Assumes b a t t e r y  d i scharge  l i m i t  is such t h a t  an a d d i t i o n a l  
20% d e p l e t i o n  i s  f e a s i b l e  ( i . e . ,  d ischarge  l i m i t  i s  i n  t h e  
60-70% range) f o r  n ickel - i ron  b a t t e r i e s ,  30% f o r  lead-acid 
b a t t e r i e s .  
The v e h i c l e  top  speed is  estimated t o  be about 165 kph (103 mph) 
wi th  f u l l y  charged b a t t e r i e s ,  and the  r e p e t i t i v e  high speed pass  
maneuver descr ibed i n  Section 2.9.2 of Appendix A can be accomplished 
without d ischarging t h e  b a t t e r i e s  too f a r .  I n  f a c t ,  t he  energy re-  
moved dur ing one high speed pass  maneuver can be f u l l y  replaced be- 
f o r e  the  nex t  maneuver s t a r t s .  
Fuel  and Energy Consumption 
The average annual f u e l  economy of the  NTHV i s  projec ted  
a t  16.9 t o  17.6 km/l with n ickel - i ron  b a t t e r i e s ,  f o r  b a t t e r y  d i s -  
charge l i m i t s  i n  t h e  .6  t o  .7  range. The corresponding wal l  plug 
energy consumption ranges from .177 t o  .I87 kw-hr/km. Fuel  consump- 
t i o n ,  b a t t e r y  output  energy, and Mode 1 opers t ing  range f o r  t h e  t h r e e  
component d r i v i n g  c y c l e s  a r e  summarized i n  Table 5-5. Wall plug out- 
pu t  energy can be assumed t o  be  b a t t e r y  output  energy divided by .54. 
Table 5-5. Fuel and Energy Consumption on Component 
Driving Cycles 
SAE J227a(B) - FUOC - FHDC 
Mode 1: 
Fuel Consumption (llkm) ,0029 .0336 .0637 
Battery Energy 
Consumption (kw-hrlkm) ,2876 ,1616 .0427 
Range to .7 DOD (km) 29.6 50.3 204.8 
Mode 2: 
Fuel Consumption (llkm) .lo67 .0881 .0764 
(. 1883) (.1350) (.0862) 
Reference vehicle values are given in parenthesis. These 
numbers are representative of what the vehicle would be ex~ected to 
do on a dynamometer test. 
Cor t a 
-
1. Manufacturinn Corta. The estimated manufacturing costs 
for the NTHV are srmnnarized below: 
Four cylinder engine va. V-8 
Parallel eyetem hardware coats 
Added clutch hsng. 6 clutch pkg. 
Axle ratio-low volume 
Suspension & tire upgrading 
Frame & motor mounting provisions 
Battery packaging 6 cooling 
Engine exhaust 6 emission control 
Engine cooling system 
Costs (over)/under 
Reference Vehicle 
$ 250 
(146) 
(32) 
( 5 )  
Motor cooling system (blower motor) (14) 
Accessory drive 
Hydroboost brakes 
Motor 
Controller/charger, actuators, 6 mounts 
Batteries and cables (nickel-iron batteries) 
Instrumentation (120) 
TOTAL HYBRID (OVER) REFERENCE $ (2357) 
- 
It should be noted that these costs do not assume any penalty 
associated with the planned material substitution as the same or 
equivalent costs would be incurred by the manufacturer of the reference 
vehicle in order to achieve weight reductions. In comparison to the 
costs included in our Design Tradeoff Studies Report (Appendix B), 
these manufacturing costs have increased by $557, with the major factor 
being the decision to include nickel-iron batteries in our base cost. 
ma. . . . .I. -'~i."r., ... n.&-dll-dll- ICTII*"lLL*'...".. , r '  I...- - . . . 'I . . . Y I  .I.G. ~ ... .. . . . . . . . . . ., .* ."... . .~.&". 
Use of  lead-acid b a t t e r i e s  a t  t h e i r  e s t ima ted  c o s t  f o r  t h e  ISOA 
b a t t e r i e s  would reduce t h i s  i n i t i a l  c o s t  p e n a l t y  f o r  t h e  hybr id  
v e h i c l e  by $250. Cost i n fo rma t ion  on any b a t t e r y  system cannot  be 
regarded as p a r t i c u l a r l y  f i r m  a t  t h i s  p o i n t  i n  time due t o  unknowns 
concerning t h e  r e l a t i o n s h i p  between f u t u r e  product ion  b a t t e r i e s  and 
c u r r e n t  developmental c e l l s  and b a t t e r i e s .  The s i t u a t i o n  is  f u r t h e r  
complicated i n  t h e  lead-acid c a s e  by t h e  r e c e n t  v o l a t i l i t y  of t h e  
p r i c e  o f  laad .  Eagle-Picher r e c e n t l y  perfonned a c o s t  and des ign  
s tudy f o r  ANL i n  which t h e  c o s t  of b a t t e r i e s  i n  q u a n t i t i e s  of 100,000 
year  was es t imated  a t  $79 kw-hr. ESB's most. c u r r e n t  e s t i m a t e  f o r  
product ion  c o s t  f o r  lead-ac id  b a t t e r i e s  f o r  t h e  hybr id  is  $75/kw-hr. 
This  y i e l d s  OEM p r i c e s  of  $1152 f o r  t h e  n i cke l - i ron  b a t t e r y  and $900 
f o r  t h e  lead-acid b a t t e r y ,  t h e  v a l u e s  used i n  t h i s  comparison of t h e  
hybrid and r e f e r e n c e  v e h i c l e s .  
Other  c o s t  i n c r e a s e s  r e l a t i v e  t o  t hose  p ro j ec t ed  i n  t h e  Design 
Tradeoff S tud ie s  i nc lude  a b e t t e r  d e f i n i t i o n  of  propuls ion  system 
mounts, b a t t e r y  cha rge r ,  c o n t r o l l e r  mounts, hydroboost b rakes ,  and 
t h e  c o s t  pena l ty  f o r  a unique,  and t h e r e f o r e  low volume, r e a r  a x l e  
r a t i o .  
2. R e t a i l  P r i c e .  I f  one were t o  assume t h a t  t h e  e n t i r e  c o s t  
o f  t h e  hybr id  system must be recovered i n  t h e  v e h i c l e ' s  r e t a i l  p r i c e ,  
t h e  p r i c e  would i n c r e a s e  by $2950 t o  $4714, depending on whether one 
assumes a minimum markup c o s t  passthrough o r  a maximum 2 x manufac- 
t u r i n g  c o s t  formula. T h i s  p r i c e  range is  based on n i cke l - i ron  ba t -  
t e r i e s  and would be reduced by $315 t o  $500 i f  lead-acid b a t t e r i e s  
were used. 
The cur ren t  turmoil i n  auto  i n d u r t r y  s a l e s  would support  the  
l ike l ihood t h a t  t h e  indur t ry  would be conservat ive  i n  t h e  d e l t a  
p r i c e  f o r  hybrid. i n  order t o  move buyera i n t o  purchasing new f u l l -  
r i zed  carr. I n  add i t ion  t o  taking a reasonable  approach t o  p r i c i n g  
t h e  hybrid, i t  would be l i k e l y  t h a t  t h e  i s s u e  of b a t t e r y  p r i c i n g  
would be r tud ied  and addreroed by t h e  a u t o  indus t ry .  I n  our c o s t  
s t r u c t u r e ,  t h e  nickel- iron b a t t e r i e s  account f o r  over h a l f  t h e  t o t a l  
increase  i n  manufacturing coa t  over t h e  re fe rence  vehic le .  Thia not  
only  accounts f o r  a major new ca r  p r i c i n g  probleh,  but  a l s o  could 
present  a maintenance cos t  shock t o  t h e  owner of a hybrid when he 
must pay t o  rep lace  a complete set of b a t t e r i e s  a t  a retail  p r i c e  
l e v e l .  
A s o l u t i o n  t o  both problems would be  t o  se l l  the c a r  l a s s  
b a t t e r i e s  and l e a s e  t h e  b a t t e r i e s  t o  t h e  c a r  owner. This would 
spread t h e  c o s t s  out  more evenly over t h e  l i f e  of t h e  c a r  and would 
provide t h e  c a r  owner with expert  s e r v i c e  support  and t h e  manufac- 
t u r e r  wlth a supply of b a t t e r i e s  f o r  r ecyc l ing ,  thus  reducing b a t t e r y  
c o s t s .  This i s s u e  should be addressed i n  Phase 11. 
3. L i f e  Cycle Costs. A f i n a l  update of the  est imated l i f e  
c y c l e  c o s t s  f o r  reference  and hybrid v e h i c l e s  i s  summarized below, 
f o r  both t h e  nominal f u e l  and e l e c t r i c i t y  p r i c e s  projec ted  by JPL 
and f o r  v a r i a t i o n s  from these  values.  
'. 
--- 
e m - .  ."%"~.. ..me,... ~ 
Hybrid 
Nominal 
Furl + 30% 
Fuel - 30% 
Electricity + 30% 
Electricity - 10% 
Reference '~aarthrough' 2 x Manufacturing 
Vehicle Pr iciun Coat PricLn~ 
9.4 10.6 11.9 
10.3 10.9 12.2 
8.6 10.2 11.5 
9.4 10.8 12.1 
9.4 10.5 11.8 
Handling 
An anslyeia wae conducted of both steady-state and transient 
steer response for the hybrid vehicle. These analyses were also con- 
ducted for the current LTD to provide a basis of comparison. The 
results were as follows: 
The LTD, as expected, understeered throughout the operating 
speed range, with the understeer getting stronger at high speed. The 
hybrid showed slight oversteer up to about 58 kph (36 mph) and then 
became understeering. The small amount of oversteer, coupled with 
the fact that the fully loaded (worst case) weight distribution does 
not put more than 56% of the weight on the rear wheels, led v,s to the 
conclusion that acceptable steady-state characteristics can be achieved 
by proper tire selection, suspension tuning, and, if necessary, use of 
higher rear tire pressures. In transient respon.;e simulations, the 
hybrid showed slightly increased response time and higher damping than 
the LTD, Both steady-state and transient response were well within 
the specifications published by DOT for the intermediate ESV. 
Crarhworthiness 
After conrtructing a computer model of the existing LTD which 
gave a realirtic crush value of about . 5  m in a 48 kph barrier impact, 
the same model, with appropriate adjuetments to the componont massee 
and addition of the batteries and support structure, was run for the 
hybrid. The results indicated an increaee in front end crush of only 
.013 m ( .S  lnc ). In short, there should be no problem in meeting 
barrier crash requirements of 48 kph, and even somewhat beyond with 
the hybrid. The key factors here were the modest weight increase of 
the hybrid over the current LTD (only 156 kg with the nickel-iron 
battery pack), combined with the retention of the present LTD steel 
frame for the hybrid. This frame provides on the order of 90% of the 
total energy absorption in a barrier crash. 
Weight Breakdown 
An estimaLe of the NTHV weight was prepared based on a careful 
analysis of the changes to the Ford LTD. Accurate weights on key 
components were obtained by actually weighing components such as the 
heat engines and electric motor, Other weights were obtained by 
analysis and prior design experience (charger, controller, micropro- 
cessor). Battery weights were provided by their developers. The 
breakdown is shown in Table 5-6. 
T a b l e  5 - 6 .  ESTIMATED WEIGHT SLXYARY 
Current LTD Weights 
Item 
-
F u e l  s t o r a g e  
Coolant 8y8 tem 
Exhaust sys  tam 
Engine  
Transmiss ion  
D r i v e  s h a f t  
Rear a x l e  
Suspens ion  (4) 
Brakes  (4) 
Brake h y d r a u l i c s  
S t e e r i n g  system 
C a t a l y t i c  c o n v e r t e r  
Emission c o n t r o l  
T i r e s  and wheels  (4) 
T i r e  6 wheel ( s p a r e )  
A i r  c o n d i t i o n e r  
B a t t e r y  
Body 
S e a t s  (2) 
I t e m  Reta ined  from LTD Mass (kg)  
T ransmis s ion  84.6 
D r i v e  shaft  10.0 
Brakes (4) 61.8 
Brake h y d r a u l i c s  15.1 
S t e e r i n g  system 28.8 
Air c o n d i t i o n e r  36.3 
B a t t e r y  - 11.8 
248.4 
I t em Replaced o r  Added 
T r a n s f e r  c a s e  29.5 
B a t t e r i e s  270.0 
Motor c o n t r o l s  
Charger  
Engin ? 118.5 
Coolant  system 9.18 
T i r e  b wheel [ s p a r e )  18.5 
Exhaus t  system 
Rear a x l e  
TOTAL VEHICLE 1708.0 
Suspens ion  (4) 67.8 
S e a t s  (2 )  45.9 
Body 737.6 
Motor 87 .O 
F u e l  s t o r a g e  38.3 
T i r e s  6 wheels  ( 4 )  84.8 
TOTAL VEHICLE 1864.0 
6. DEVELOPMENT REQUIRDtENTS OP THE NEAR TERM HYBRID VEHICLE 
6 . 1  Malor Areas of Technolonv Development 
The arpect of the SCT Near Term Hybrid Vehicle which makes it 
fundamentally different from either 4 conventional electric vehicle 
or r conventional I.C.E. vehicle is the ryrtems control rtrategy, 
the manner in which the load ir rhared between the heat engine and 
the electric motor. Thir involves on-off operation of the heat en- 
gine, with the heat engine being loaded as soon as it is up to speed 
and firing. As discussed previourly, this type of operation has the 
potential of achieving far lower fuel consumption than running the 
heat engine continuously. There are two major development areas arso- 
ciated with this approach. The first involves the d6velopmant of the 
ryrtem control syatem to the point at which the vehicle's driveabili- 
ty is not inferior to a conventional car's. This is a large task, but 
one which we are confident is possible with the exertion of enough 
engineering pressure. The second area involves meeting emission 
standards. This is a gray area in which there is not even enough 
data to predict the magnitude of the task. There is simply no data 
on the emission characteristics of engines operating in this mode, 
and one of the first tasks in a development program must be to gener- 
ate enough data so that the magnitude of the task can be assessed. 
Another subsystem which will require substantial development 
is the propulsion battery. The requirements for a hybrid vehicle 
battery are different than those for an electric vehicle battery; 
and, consequently, unique cell and module designs will be required. 
Also, additional charncterirotion and test data will be required 
before r final rssermaent can be m d e  of the relative merit8 of 
nickel-iron and lead-acid batterier for the hybrid application. 
6.2 Coatrols 
System Controller 
The system controls development task will not involve the 
development of new hardware at the component level. It will involve 
the integration of available hardware, including microprocerrsr, 
into a system which inplemente a fuel efficient control strategy in 
a vehicle of acceptable driveability. Specifically, it will include 
the following: 
1) Continued development of the control strategy on a computer 
simulation, incorporating updated information on the heat 
engine, batteries, and so forth, a8 this data becomes avail- 
able. 
2) Dynamometer testing of the heat engine and motor combination, 
with vehicle inertia being simulated, to evaluate the dyna- 
mics of the engine startup/shutdown transients as a function 
of equivalent vehicle inertia, clutch enga8emer.t rate, en- 
gine throttle setting, engine temperature, initial system 
operating point, and so forth. 
3) Re-evaluation of the microprocessor requirements, selection 
of a microprocessor, and design, breadboarding, and check- 
out with the U P  development system of the system controller. 
4) Incorporation of the rystem controller on the dyno test rig; 
development resting to adjurt control parameters, and evalu- 
ate startup dynamics with controller operational. 
5)  Incorporation of the complete ryatem in tort bed vrhiclea; 
development tartin8 to modify and fine tune the control 
parmeters to obtain acceptable driveability and performance. 
The dyno tart rig would be retained throughout the vehicle 
terting and development program to provide a means for doing 
preliminary checkout and evaluation of system changer under 
more controlled conditions than is possible in a vehicle, 
The in-vehicle phase will occupy the largest part of tho system 
control6 development program. It will tie in to the amirsions con- 
trol development program in that, as soon as the control system is 
developed to a point where the vehicle is operating satisfactorily, 
a vehicle will be tested on a chassis dyno for emissions in both 
operating modes. 
Motor Controls 
The development requirements of the motor field controller are 
minimal. The power circuitry and components will be similar to those 
in use in the controller for the SCT electric vehicle, with the logic 
circuits modified to interface with the hybrid's system controller. 
The armature controller, however, is new; and a certain amount of de- 
velopment will be required. The major problem here is that the power 
transistor field is changing rapidly, and the new high power transis- 
tors which are becoming available are in many cases not completelv 
characterized. Thus, if a selection is made of a basic power 
transirtor and a controller is designed and breadboarded around it, 
a rubstantial amount of bench testing will be required to ascertaLn 
what the real limits of the device are in this particular application. 
As a consequence, a few iterations of device selection and circv : 
design can be anticipated. 
Engine Controls 
This area is discussed in the next section, largely in the con- 
text of emission controls. It is appropriate at this point, however, 
to discuse the development requirements of the engine clutching at- 
rangcment. A preliminary selection of a clutch has been made, and 
this would be used on the dyno test rig discussed earlier. The tests 
on this rig will provide an opportunity to evaluate the clutch capd- 
city, stability of engagement characteristics, whether any temperature 
problems exist with frequent engagement and disengagement, drag when 
disengaged, and so forth. Based on these zests, a second iteration 
of clutch selection and/or design modifications is anticipated. 
6.3 Heat E n g i z  
Emissions 
Attempting to project the emissions of the hybrid vehicle based 
on available steady-state emission maps would be an exercise in futil- 
ity, simply because the data is not relevant to the problem, and the 
magnitude of the emissions problem with the hybrid vehicle is unknown 
and will not be known until test data is obtained to characterize 
emissions in on-off operation. The only thing we can offer right now 
is our suspicions as to where problems may occur. These are: 
- Higher raw (engine-out) HC and CO emissions a8 a result of 
startup transients. 
- Higher raw NOx emisrions ae a result of operation at higher 
average engine loading. 
- Greater difficulty in control of HC and CO emissions (also 
NOx since a 3-way catalyst will undoubtedly be standard for 
1985 production) as a result of a lower average catalyst 
temperature, 
The emissions proble?n is one that must be faced squarely and 
an understanding must be gained early in the development program of 
the magnitude of the problem. The steps in doing this are as follows: 
- Obtain steady-state specific emissions maps of the engine. 
- Define typical engine on and off times for Mode 1 and Mode 2 
operation on the basis of computer simulation results. 
- Operate the engine a c  various fixed throttle settings, with 
the dynamometer running at constant speed but clutching and 
de-clutching and starting and stopping the engine at the 
proper times, and measure emissions under these conditions. 
This will require the equivalent of either bag-sampling or 
continuous sampling which are procedures not normally used 
in conjunctian with engine dynamometer testing. 
- From this data, specific emissions maps for on-off operation 
can be obtained. These maps would have to be obtained for 
on and off times representative of both Hode 1 and Hode 2 
operation. 
Comparison of the steady-etate and on-off emissions maps will 
provide a method of gauging the magnitude of the emissions control 
problem. 
At this point, a judgment will have to be made as to whether 
or not the problem is workable without the necessity of a radical 
overhaul of the overall system control strategy. 
Assuming that the conclusion is positive, then the next tasks 
would be as follows: 
- Identification of operating regimes in which emissions are 
high. 
- Re-calibration of engine parameters to reduce emissions in 
these areas. In addition to the engine parameters (mixture 
ratio, spark timing, EGR rate, etc.), it may be necessary 
to adjust other parameters associated with the engine start- 
up process. These include the point at which fuel is turned 
on, the rate of clutch engagement, throttle opening when 
fuel is turned on, and so forth. 
- Running of emission tests on a chassis dynamometer to ascer- 
tain compliance with the relevant emission standards. In 
the event that compliance is not obtained, a modal analysis 
would be performed to determine what portions of the driving 
cycle are giving a problem, and what are the possible means 
for correcting it. 
- Modifying engine and control parameters to reduce emissions 
on the problem parts of the cycle, rerunning chassis dyna- 
mometer and engine dynamometer tests as required. 
Not to be overlooked is the po~sibility that an examination of 
the engine emissions in on-off operation will lead to the conclusion 
that the present system control strategy, with its frequent engine 
starts and etops, is unworkable from an emission control standpoint. 
In this case, it would be wise to have a backup control strategy 
available for which the probability of being able to meet emission 
standards is higher. Such a strategy, along with its implications 
regarding fuel and energy consumption, is discussed in Section 5.2.2 
of this report. 
6.4 Batteries 
The fundamental problem faced by the vehicle and propulsion 
system designer is the non-existence of the data which would be re- 
quired to make an incontrovertible, rational decision as to the best 
type of batteries t6 use in a 1985 production hybrid vehicle. The 
safe choice, of course, is lead-acid; improved production batteries 
approaching the ISOA performance goals will clearly be available in 
this time frame. In terns of cost, this battery may be in some 
trouble, however, if lead prices continue to behave as they have 
recently. The nickel-iron system, as discussed previously, has a 
number of potential advantages, particularly in terms of lower life 
cycle cost. There are a large number of unknowns associated with it, 
however, since the ANL program on this battery system has been a lot 
'lighter' than those for the lead-acid and nickel-zinc systems. 
Whether it can achieve production status by 1985 is, of course, de- 
pendent on resolution of some of the unknowns and the subsequent 
level of development effort. The nickel-zinc system, on the other 
hand, still does not appear to us to have a potential cost/life quo- 
tient which is low enough to make it competitive in the hybrid appli- 
cation. In addition, other problems appear to be cropping up which 
would severely hamper it in the hybrid application, like the presence 
of a 'pseudo-memory' effect. 
In light of this situation, it appears to us that the most 
reasonable (if not demonstrably correct) approach is to pursue de- 
velopment of both nickel-iron and lead-acid designs for the hybrid 
application to a point at which some of the unknowns, particularly 
with regard to the nickel-iron system, can be resolved to the extent 
that a more rational selection can be made. The activities which 
would be pursued in the initial phase of such a program would be the 
following : 
- Design and fabrication of cells of a size appropriate for 
the 120 V hybrid system. 
- .Cell testing to characterize system performance over the 
complete range of specific power demands to be made on the 
battery. 
- Design and fabrication of the battery system. This will 
involve tooling design and procurement in the lead-acid 
case, and possibly also in the nickel-iron case, with a 
lead time of about six months. 
- Preliminary battery testing to verify performance at nomi- 
nal conditions. 
- Bench tasting of the battery systems to characterize 
battery performance under both constant discharge rate 
conditions and load profile8 representative of operation 
in the hybrid vehicle. 
7 .  CONCLUSIONS AND RECOMMENIlATIONS 
The major conclurionr drawn from Phase I of the Near Term 
Hybrid Vehicle Program may be eummarizad as follows: 
Mission 
The mieeion'which offerr the greatest potential for reduction 
in fuel consumption through the replacement of conventional vehicles 
by hybrid8 is that of a general purpose, six-passenger sedan, equiva- 
lent in payload and passenger accommodations to a Ford LTD or Chevro- 
let Impale (EPA 'large' classification, by volume). As compared to 
the class of smaller vehicles which still saeisfy the minimum program 
requirement of accommodating five adults, the full-sized six-passenger 
sedan is favored by the following factors: 
1. Total fuel consumption projected for 1985 for this segment 
of the fleet is at least as great as that of the smaller 
vehicle class. 
2. This market class has a lower sensitivity of volume to 
price; i.e., the retail price increment of a hybrid vehicle 
is more likely to be acceptable to buyers of this class of 
vehicle than to the smaller car buyers. 
3. This market class has a higher overall profitability than 
the smaller vehicle class; hence, the manufacturer is more 
likely to pass on the additional manufacturing cost of a 
hybrid at a minimum, passthrough level, particularly in 
view of the next item. 
4 .  The incen t ive  of the  mrrnufacturer t o  maximize hybrid s a l e s  
in t h i r  market c l a r a  is q u i t e  high becaura t h i r  is  the  
clasr w i t h  the  h ighes t  p r o f i t a b i l i t y  but  the  most problems 
i n  terms of f u e l  economy. The manufacturer can make a 
bigger  imprnvemant i n  h ie  CAFE by rep lac ing  v e h i c l e s  i n  
t h i s  clam with  f u e l  e f f i c i e n t  hybr ids  than by rep lac ing  
smaJler  v e h i c l e s  which a l ready g e t  reasonable fuel economy. 
5. From a t e c h n i c a l  s tandpoint ,  t h e  l a r g e r  v e h i c l e  r e q u i r e s  
less re-engineering and modif ica t ion  t o  make i t  s u i t a b l e  
f o r  hybrid propulsion than t h e  smal ler  one. This  tends t o  
minimize t h e  manufacturing c o s t  and, hence, r e t a i l  p r i c e  
increment and thereby maximize the  p o t e n t i a l  market pene- 
t r a t i o n .  
Propulsion System 
The mode of opera t ion  which o f f e r s  the  g r e a t e s t  p o t e n t i a l  f u e l  
savings  invo lves  running t h e  heat  engine only when i t  i s  needed. 
This  r e q u i r e s  i t  t o  be s t a r t e d  and brought up t o  f u l l  power almost 
ins t an taneous ly  i n  o rde r  t o  meet the  d r i v e r ' s  power demands. This  
type  of opera t ion  appears t o  be f e a s i b l e ,  al though extens ive  develop- 
ment w i l l  be requi red  t o  a t t a i n  adequate d r i v e a b i l i t y ;  and t h e r e  a r e  
unknowns regarding emissions. This type  of heat  engine opera t ion  
must be combined wi th  a bi-modal c o n t r o l  s t r a t e g y  wtiich a l lows the  
b a t t e r y  t o  reach a depth of discharge of about 60% on most days of 
operat ion.  This  a l lows a s u b s t a n t i a l  f r a c t i o n  of the  energy requi red  
t o  run the  v e h i c l e  t o  come from the  wa l l  plug ins tead  of onboard f u e l .  
It ir not porrible to simultaneously maximize fuel economy and 
achieve a life cycle coat which la comparable to that of a conven- 
tional vehicle performing the same mission. Maximum fuel economy 
occurs for a configuration which is too clorc to a pure electric ve- 
hicle to be both coat affective and meet the performance requirements 
of the hybrid. It is, however, possible to achieve fuel economy on 
the order of twice that of a conventional vehicle with a comparable 
life cycle cost. 
To actually achieve a life cycle cost which is not significant- 
ly higher than that of a conventional vehicle, the fuel savings of 
the hybrid must be accumulated over a long vehicle life (at least 10 
years, at the nominal annual mileage projections made by JF'L), and at 
fuel costs which are at the upper limit of the sensitivity boundaries 
(30% above nominal projections). In addition, the manufacturing cost 
increment over a conventional vehicle and the replacement battery OEM 
cost would have to be passed on to the consumer at a level which is 
considerably less than the factor of 2 specified by JPL. 
As in the case of an electric vehicle, the two most significant 
factors in keeping the life cycle cost down to a reasonable value are 
the retail price (hence, manufacturing cost) increment and the ratio 
of battery replacement cost to battery life. In the hybrid vehicle, 
both these factors can be reduced by reducing the power rating of the 
electric drive portion of the system relative to the system power re- 
quirements. Even when a bias in favor of better fuel economy is ap- 
plied (at some sacrifice in life cycle cost), we come to the conclusion 
that the peak rating of the electric drive portion of the system 
should be no more than 35% of the systcm requirement for lead-acid 
batteries, and lour for nickel-iron and nickel-zinc types. Moreover, 
the peak power rating of the electric motor should correrpond to 
working the battery near the upper limits of its peak power capacity. 
High energy density appears to be somewhat lean important for the 
hybrid than for a pure electric vehicle, and the economic traduoff 
appears to favor higher voltage8 (around 1 2 G  V) even if these entail 
some loss in energy density. This, in turn, requires smaller cell 
sizes than are under development for the ANL ISOA (improved atate-of- 
the-art) battery program, since the hybrid battery pack is smaller, 
and implies a unique battery design for the hybrid. 
The type of battery which appears to be most suitable for the 
hybrid, from the point of view of minimizing life cycle costs, is 
nickel-iron, with lead-acid a reasonably close second. Although 
nickel-zinc is highly desirable because of its high power and energy 
density, its short life and high cost puts it well behind the other 
two from the standpoint of economics. The development of nickel-iron 
batteries is, however, considerably behind lead-acid batteries; and 
there are some unknowns associated with it. Consequently, both bat- 
tery types should be included in a hardware development program. 
The characteristics of the hybrid propulsion system, with 
respect to the effects of various parameters on its fuel and energy 
efficiency, give rise to a conclusian wt;?.ch appears rather startling 
on first glance but inevitable upon further reflection. That is, 
the hybrid is much less sensitive than a conventional vehicle is, in 
tarma of the reduction in total fuel conrumption and rerultant 
decrearer in operating expenre, to reduction8 in vehicle weight, 
tire rolling rerirtance, etc. and also to propulsion system and 
drivetrain improvement8 which are designed to improve the brfc of 
the engine under low road load conditions (for example, use of diesel 
or atratified charge engines, continuously variable tranrmisrions, 
etc.). Consequently, once the step to the incorporation of a hybrid 
rystem is made, this implies that the momt appropriate policy toward 
additional radical modifications should be one of conservatism and 
justification on economic grounds. 
Vehicle Considerations 
The vehicle packaging studien indicate that the packaging of a 
hybrid propulsion system in a vehicle such aa the Ford LTD can be 
done with a minimum of sacrifice of luggage capacity. This situation 
is quite unlike that ef a high performance pure electric vehicle 
which uses near term technology, and supports our belief that a hy- 
brid vehicle, if produced by a major manufacturer, would come into 
being as a modification or option on an existing line of conventional 
vehicles, nit as a unique car line. 
Design Philosophy 
Based on the considerations discussed above, together with the 
requirement for producibility by the 1985 time frame, we came to the 
conclusion that the design of a near term hybrid vehicle should be 
predicated on the following: 
a) The hybrid ryrtem ir viewed ar 4 mernr for enabling a major 
aunufacturer to meat CAFE requiremmtr in the year 1985 and 
beyond, while maintaining a product mix which still porserses 
a rubrtmtial fraction of roomy six-parrenger automobiles. 
Implicit in thir viewpoint ir the arrumption that large 
scale production of hybrid vehicle6 (or electric vehicles, 
for that matter) will only happen if one of the major auto 
aunufacturerr undertakes it; it will not happen within, or 
as a rcrult of 8rowth within, the EV industry. (The vali- 
dity of thir assumption should be self-avidant to anyone 
familiar with the state of the EV industry.) This means 
that transferability o f  the technology developed for the 
hybrid vehicle to the auto industry is of prime importance. 
b) As a result of this relationship between the hybrid vehicle 
and the auto industry, the vehicle in which the hybrid pro- 
pulsion system ia to be incorporated is viewed as an evolu- 
tionary development of an existing six-passenger vehicle, 
incorporating those improvements in transmission design, 
tires, aerodynamics, and materials which can be projected 
to occur between now and 1985. It is not a radically dif- 
ferent vehicle designed uniquely for hybrid propulsion. 
c) Designs requiring extensive development at the component 
level are avoided. In general, production, or pre-production 
hardware, incorporating the best current technology is uti- 
lized. Developmental hardware is utilized only in the event 
that it would result in a large advantage in system 
performance. 
In particular, the pay-off resulting from the development of a 
totally new vehicle body is inconsistent with the amount of effort 
and funding which would be needed to accomplish it. Consequently, 
the design approach taken by SCT, and the approach we recommend for 
the hardware development program, is to base the design on an exist- 
ing production car, making only those body and chassis modifications 
which are needed to make the vehicle representative of projected 1985 
perfor~nce. and the development status is such that 
production by the mid-80's ir a good porribility. 
Thir derign philosophy is reflected in the preliminary design 
described in thir report and underlie. SCT'r approach to Phase 11. 
Implic8tions for Phase 11 Hardwarm Development 
The biggest development task arsociated with the NTHV will be 
the implementation of the type of control strategy described pre- 
viously, in such a way that the transitions from engine-off to engina- 
on m d  back again are handled smoothly, with no more discomfort to 
the occupants than the shifting of an automatic transmirision and in 
such a way that emiseione requirements are met. 
Since the biggest pay-off in terms of reduced fuel consumption, 
as well as the biggest development task, is associated with the im- 
plementation of an optimum control strategy; that is the place to put 
the emphaeis in a near term program. The less this task is diluted 
by efforts to make unrelated component or subsystem refinements, the 
better the chances of success in terms of demonstrating a vehicle 
with greatly reduced fuel consumption an4 acceptable driveability and 
production v e h i c l e s ,  and t o  acco-date t h e  hybrid propuls ion  system. 
The bulk of t h e  Phase I1 e f f o r t  can thur  be devoted t o  propulr ion  
8 y ~ t e m  devalopmnt ,  which i r  where i t  belongs; y e t ,  by making i n t e l -  
l i g e n t  use of  t h e  engincerlng and development which has  a l r eady  gone 
i n t o  r production v e h i c l e ,  the  program can culminate i n  a hybrid ve- 
h i c l e  which is s a t i s f a c t o r y  i n  a l l  r r r p e c t s .  
9. Rulemaking support paper concerning the 1981-84 Passenger Auto 
Average Fuei Economy Standards. U. S. Department of Transpor- 
tation, July, 1977. 
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